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ABSTRACT

In oxder for a more representative estimate of sSeepage
through a tailings impoundment to be formulated, the spatial
variability of the hydraulic properties in the mill tailings must
be addressed. Tailings impoundments are far from homogenecus
envircnments and should not be considered such when forming
predictions on sespage. .

This study was performed on an abandoned lead/zinc tailings
impoundment in west-central New Mexico. The method of tailings
deposition at this site was an upstreaming peripheral discharge
system. Generally, this type of system produces a sedimentary
structure that cocarsens vertically upward and fines laterally -
away from the emitters. _

The use of galvanized, +thin wall samples (shelby tubes)
recovered with the aid of a drilling rig was the most advantage-
cus method of sampling. The samples were obtained from a cross
secticn made up of horizontal transects at 2 given depths and &
vertical transects. Hydraulic parameters tested included K(sat),
porosity, moisture content/pressure head relationships (6/¥), and
-particle size. In situ moisture content was measured with a
neutron-probe moisture meter. Problems were encounterad using
this device in tailings. :

Particle size decreased towards the central portion of the
cross section but was fairly constant with depth. Porosity
increased slightly towards +the center and exhibited a general
decrease with depth. X(sat) decreased both towards the central
porticn of the cross section and with depth. The decrease in K
and n with depth is believed to be the result of matrix compac-
tion due to increased overburden. The upper 50 cm of the tails .
throughout the cross section were found to be compositionally and
structurally different from the tails at greater depths.

The calculation of sample statistics (mean, standard devia-
tion, range) for the horizental and vertical transects was an
effective methed of delineating the variability along each
sampling line. This method, however, relayed no information
about the structure of this variability.

Regression analyses weres employed in an attempt to charac-
terize trends in the data throughout the cross section. 2-D
regression equations were formulated for the variables K(sat), n,
f,5, and d;, with good success.  This methed, however, was not
able to effectively characterize discontinuities in the data that
are common in such a layered system.

Construction of variograms showed that §,; was the only
variable that retained any . structure after the trends had been
removed. Kriged estimates of the 4, distribution were formula-
ted throughout the cross section. This type of analysis appears
to be the most representative method of characterization.
However, due to the 1lack of structure in all but one variable,
-only a 1limited amount of information could be gained using
variogram and kriging analyses. :

Correlation coefficients were determined between various
data distributions. The greatest correlation with each dependent



variable was noted for the moisture content 4, and grain size

parameter d,,. Predictive equations were "developed using
multiple regression analyses.
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I) INTRODUCTION

Mining has been an important industry to this country for

the last century. This is especially true in the western states

with the discevery of gold, silver, copper, and most recently

uranium. The first discoveries found rich deposits which had
little need for processing. However, as time has passed, the ore
grades being mined have decfeased-resulting in the production of
more and more waste. Several mills in this country proceés in
excess of 100 million tons of waste daily (Kealy; 1979).

Varicﬁs proceéses have been develcped over the Years for
extracting ore from the surrounding waste rock. This extraction
process basically entails a series of crushing ahd chemical

treatments. The resultant by-products are referred to as mill

tailings. In the past, mill tailings were dispcsed of as quickly

and as cheaply as possible with little concern for the environ-

ment. This invariably meant: depositing the tailinés directly
onto the native soil.

Mining activity in this country has declined substantially
within the last decade. However, tailings impoundments from
Previous operations still remain and are ccmmon throughout the
country. Locations of major mining and Processing wastes as
mapped by the Department of Transportation are shown in figure

o

1. In addition, many smaller operations are not represented on

the map.

A tailings impoundment is invariably different in chemical

Composition from the naturally occurring soil upon which it
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rests. If appreciable Seepage through,a tailihgs site occurs, it
is pessible that the unde*lvvng groundwater can . be adversely
affected. Accurate estlnatlon of seepage at an individual site
would aid kin reclamation decisieons. vVarious studies have been
done in the past in an attemp: to predict seepage fronm tailings_
impoundments. Almeost all considered the impoundments as near
homogenecus environments with 1little or no heﬁe:ogeneity;
However, a tailings impoundment is an extremely heterocgeneous
environment because of the method by which it is deposited; The
effect that this variability has on seepage predictions has yet
to be addressed.

The following research is the first of a 2 part study funded
by the U.S. Bureau of Mines under the Mineral Institute Waste
Treatment and Recovery Generic Center, University of Nevada at
Reno. The emphasis of this study covers the different methods
which can be wused to characterize the spatial varlablllty of .
hydraulic properties in mill tailings. The benefits and short-
comings of each method will be discussed. The second part of
this study is being performed by XKen Harris, who is also a
Hydrology graduate student at NMIMT. Harris' research concen-
trates on the effects that variability in the input data have on
Seepage prediction using the numerical model UNSAT2 (Davis &
Neuman, 1983). The main emphasis of this combined study is to
determine what effect the degree of characteﬁization has on
Seepage estimates. For the results of the nodellng study, I

refer the reader to the Independent Study in Hydrology by Ken

Harris.




Previous Work

The majority of research on mill -tailings in vthe past has
dealt with identifying and improving the"stabiliﬁy of embankment
dams. Astgdies by Soderburg and Busch (1975), Highter and Vvallee
(1280), and others view tailings from a soils engineering
standpoint. The primary concern in such research was to develop
methods to prevent such occurrences as flow slides and liquefac-
tion. The presence of watar in, and seepage through, tai;ings in
such studies was more important from a stability standpoint than
from a seepage/contaminant standpoint.

More recently, research on the predictidn of seepage through
impoundments has been performed by McWhorter and Nelson (1s80),
Isaacs and Hunt (1981), and others. However, the incorporation
of spatial variability of the tailing's hydraulic properties into
these predictive models has been all but absent.

Much information is available on the use of gedstatistics
for characterizing the spatial variability of hydraulic propér-
ties in soils. The use of geostatistical procedures in‘tailings,
however,l has been quite 1limited. At the introduction of ééch
gecstatistical methpds section, an overview of prévious work

relating to that section will be presented.



II) SITE DESCRIPTION

The figld sité for this study is an abandoned lead-zinc
tailings impoundment 1.5 miles south of 'Magdalena, New Mexico
(figuré 2). The tailings impoundment and accompanying mill
predeminantly serviced the Waldo~-Graphic mine 1located 1 mile
to the east in the Magdalena Mountains.

The mill site foundation is at an elevation of 6890 feet
above sea level. The impoundment is located to +the west of the
mill on a gradual hillslope that dips 4 degrases to the north,
north-west. The tails were deposited directly on the native soil

which is a very-pcorly sorted silt-loan. This soil is the upper

[

boundary of the alluvial £ill +that rests atop the Tertiary
rhyolite bedrock (figure 3) of Hop Canyon (Austin, 1960). . The
depth to water in the arsa ranges from 260-300 feet belcw land
surface. .

The semi-arid climate of Hop Canyon is indicative of the
climate of west-central New Mexiceo. The average yeariy rainfall
equals 11.49 inches with the wettest months being July, August,
and September. The average yearly temperature in 1985 equaled
53.9°F. The temperature extremes ranged from a low of 6°F in
December to a high of 100°F in July.

‘The tailings surface is completely void of vegetation. The
vegetation surrounding" +the impoundment is classified as a pinon,
juniper savannah woodland with pincn pine, Jjuniper, érickly pear

and cholla cactus,' and grama grasses common (Morgan, 198s6).
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FIELD SITE HISTORY

Waldo/Graphic Mine

The Magdalena-Kelly mining district was at one time one of
the leading 1lead and zinc producing districts in New Mexico and
even throughout the United Statess. This district has yielded
over 40 million dollars in zinc, lead, copper, silver, and gold
(Lusk, 1948). Mining in the area began in 1366 with the first

discovery of cerussite (lead carbonate) by Col. J. S. Hutchason.

It was then that he filed the first claims for the Grapvhic and
Juanita sites.

Mining in the early years (1866-1878) centered around co

g
'g
o
"

and silver. According to the New Mexico Minerals Yearbook
(1917), gold was also present in the district but only in minor
amounts (highest yearly production +otal for district: 1917,
2186 oz.). ‘

In 1878, large bodies of cerussite ore were discoversd at
the Graphic mine. This ors was initially sent for processing to
the Rio Grande smelter in Socorro by numerous mule teams. This
smelter, however, closed in 1893. As a result, the 100-ton
Graphic smelter was constructed in 1896 at the site of the
bPresent day Waldo mill foundation. This smelter ocreratad
intermittently wuntil 1502 when the Graphic's depecsit of lead
carbonates were exhausted (Dabney, 1946).

In 1903, smithsonite (zinc carbeonate), previously considered

a8 worthless by-product of the Graphic mine, was found to be

profitable. The Sherwin and Williams Paint Company, needing zinc




for their paint manufacturing, purchased the Graphic mine in 1904
for $150,000. Sherwin Williams then turned over the mine
operation to its subsidiary, the Ozark Smelting and Mining
Company (Dabney, 1946). Mining in the Magdalena-Kelly district
remained prospercus until 1520. In the 20 years that followed_
this date, mining activity in the district was scarce due té a
decline in lead and zinc prices. |

On April 10, 1943, American Smelting and Refining Company.
(ASARCO) purchased the Waldo/Graphic mine. The Waldo miﬁing
claim, which 1is due west of the Graphic, was initially separats
from the Graphic claim. However, as mining in this area in-
creasad, many of the tunnels from these two mines were Jjoined.
Production of both lead and zinc from these mineé increased
substantially in 1943 due to the increased demand brought oany
World War II. Production ramained high throughout the 40's until
Juné 3, 1949 when the mine was closed by ASARCO.

The Waldo/Graphic mine was worked on smaller scales by
lessees in 1950 and 1951. 1In 1953, Robert Chamberlain (currentl
the caretaker of the mine and mill-site property) mined copper
from the Waldo under a lease from ASARCO (Mineral Yearbook,
1853). Mining ceased in the Waldo/Graphic in 1953 ~and it has
remained idle to this day.

The mine is currently used as a research facility for the
Mining Engineering Department at New Mexico Institute of Mining &
Technology in Socorro. ASARCO currently owns the Waldo/Graphic
mine and the surrounding area which includeé the mill tailings

impoundment to the west.

/

L



Waldo Mill

Before the ores could be shipped to the mill site, it was
crushed in a primary crusher located near the mine entrance.
As soon as the crushed ore could pass through an 8"7mesh's¢réen.
opening, it was shipped to the mill site along a 5000 focot aerial
tramway bucket system (Lusk, 1947). Both the aerial ' tramway and
the 150-ton concentrating mill (figure 4) were constructed in
1913 by the Ozark Smelting and Mining Co. (Lusk, 1948). This
mill was used primarily to concentrate lead and zinc ore from the
Waldo/Graphic mine.

The mill ran intermitténtly in the 1920's and early 1930's
depending on the statﬁs - of lead and zinc prices. It was clesed
from 1937 wuntil April 1941 when +the Rashob Mining Interest
optioned the mill and recpened it for cperation (Minerais
Yearboock, 1942).° Sherwin wWilliams hen acquired confrol of the
mill on July 1, 1942 and was responsible for its operation until
it was sold to ASARCO. |

On April 10, 1943, ASARCO purchased the mill and upgraded
its production capacity to 200 tons per day (Minerals Yearbook,
1944). The mill ran at full capacity from 1944-1943. In June of
1948, the mill began treating custom ore from the ﬁearby Kelly
mine dump in addition to ore from the Waldo/Graphic mine. During
this same period, mill tailings from earlier cperations at the
Waldo imﬁoundment were reprocessed to extract additional lead and
zinc. With the clecsing of the Waldo/Graphic mine in;June 1949,

the mill continued limited operation by processing custom ores
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from the Relly, Lynchburg, WwWitt, Green, Juanita and Maher

properties (Minerals VYearbook, 1949). In 1950, the Waldo mill

was closed permanently by ASARCO and sold for dismantling. The

mill foundation and two of the officer's residences to the west

(figure 4) are +*he only remaining structures at the mill-site.

area.

The water used in the milling and tailings dispoesal process

was pumped from two wells west of +the mill and storad in a

100,000 gallon storage tank (figure 4). To reduce the amcunt of

pumping in these wells, approximately 80% of the water used in
the tailings thickener and .tailings pond was reclaimed (Lusk,

1947) .

Tailings impoundment

Not a great deal of information was kept by the mining

companies on the history of tailings deposition. However, by

using available literature on tailings deposition, aerial

photographs, conversations with former employeses, and by making

careful observations in the field, a reasocnable history of

deposition can be formulated. With a better understanding of the

past depositional processes, choosing locations to sample can be

done more effectively.

It is evident from obssrvations that the tailings were
deposited in 3 distinct layers. Deposition of the first layer is
believed to have begun in 1913 (figure 5). This date coincides

with the construction of the Ozark (Waldo) mill. Deposition of

this layer was quite simple. The tailings were spigotted freom a

Pipe at +the mill onto the native so0il and allowed to flow
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down=gradient to +the northwest. Sand berms were constructed

along the ncrthern and westarn edges to retain flow. A wocden

the first

Hh

drain box is present at the  western-most edge o

layer. It is believed that this was usad to drain water from the

pond that might have formed during deposition. A 10 ‘cm diameter

pire is 1located at +the base of layer 1 near this drain. This

pipe may have been used as a water 1line to return the drainage

watar back to the mill site for reuse. Analysis of aerial

n

method of deposition was used at leas®

3

hectographs show that thi

ntil

[

)

o>

3.

[

[

Eroded portions of the retaining walls on the firs=: layer

have enabled tailings to flow down-valley to the north and west.

Tailings were found in an arroyo 75 meters to the west of the

impoundment. To the north, traces of tailings and slag material

(up to 1 cm diameter) were found in an arrcvo 600 meters from the

impoundment. The presence of the coarse slag material is a good

indicator that the transport might have occurrad during the

initial deposition of tailings and is not, therefore, a producth

©f secondary erosion. In both arroyos where the displaced

tailings have been found, the vegetation dces not appear to be

adversely affected.

Advances in the methods of deposition can be seen in the

seceond and third layers. The deposition of layer 2, which is

noticeably the largest of the 3 layers, is believed to have begun

in 1943. This estimate coincides with the purchase of the mill

by ASARCO. Approximately 70% of layer 2 overlies the Ffirst

layer. The remaining 30% was deposited on native soil.
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Sand retaining walls, similar to thoss of layer 1, were
constructaed along the northern, western, and southern edées.
Unlike the first layer however, 12.7 cm wide wooden flume lines
wers emplaced on top of the sand berms. These flumes had
openings on cne side which enabled tailings to flow out towards.
the center of the pond. When the height of tailings in the pond
approached that of the retaining walls, a new sand retaining wall
was constructed on top of the previocus one. This new barrier was
offset slightly towards the center of the pond in a process
termed wupstreaming (figure 6). It is believed that the flume
lines were raised as many as 6 times along the west edge.
Here, the second layer reaches a maximum thickness of 5 meters at
the northwest corner. Cenversely, due to tcpographic effects,
the layer is less than 1 meter along the southeastern edge.

Reclamation of water from the tailings pond» was very
important due to ‘the scarcity of water in the area. As was
previously mentioned, approximately 80% of the water used at the
tailings pond and tailings thickener was able to be reclaimed,
For this purpose, a decant tower was placed in the center of the
pond. The water which drained into this was then piped back to
the mill for further use.

A partially buried flume +trough was discovered at the base
of the third layer whera it contacts the surface of layer 2
(figure 5). This flume is 78 meters from the northern edge of
the second layer. It is possible that the pesition of this flume
once marked +the southern boundary of layer 2. If this is true,

the second layer was later widened to the south by 26 meters.
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Figure 6. Diagram of the upstream method of tailings: disposal
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Ancther explanation resgarding this central flume is that it could
have been used to deposit tailings to thév center portion of the
pond near the eastern édge.

A pipe, 5 cm in diameter, extrudgs horizontally from the
vertical face along the western edge of layer 3. It is poésibleA
that this pipe was used as a return line for reclaimed water frem
layer 2. A partially buried electrical pole can also be found on
the northern side of the second layer. € one time this pole was
used to support electrical lines from the generation station *o
the nerthwest well-house.

Layer 3 wés deposited using procedures identical to those
for layer 2. Dépositicn of tailings by flumes occurred along the
north, wéét, and scuth edges as well. The third layer is
approximately 1/3 the size of layer 2. This layer, which pinches
out along its southeastern bordexr, was greatly affected by the
underlying topography. The maximum thickness of layer 3 1is 4.5
meters at its northwest corner. A decant tower, identical to the
cne on layer 2, is also present in the center of layer 3.

A great deal of erosion has occurred along the northern edge
of layer 3. Ercsion has cut into the tailings embankment up to 7
meters in places forming a canyon-like appearance along the
northern edge.

From the eastern edge of layer 3 back to the mill-site, a
highly disturbed area of tailings and slag material exists. There
appears to be no pattern to the deposition of the waste material
in this area. 1In the northern half of this section, wasﬁe heaps

(up to 3 meters high) of coarse slag and limestone fragments
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exist. Analysis of historical photegraphs show that waste
material such as slag and rock fragments have been deposited in

this area since the inception of the mill.

CHEMICAL ANALVYSES

The following watexr chemistry analysis is included +o
familiarize +the reader with the pcossible chemicalvalterations
that can occur when water comes into contact with mill tailings.
The findings listed in the this section in no way prove drﬁrefuta
the pressence of seepage through the Waldo impoundment. Once
again, they are included only to point out the possible adverse
effects which can occur if appreciable seepage through a mill
tailings impoundment exists. This stresses the need to effec-
tively characterize this and similar sites hydraulically in order
to formulate an accurate estimation of Seepacge.

The results from the water Chemistry analyses are listed in
table 1. The data 'represents the various ions in solution in
parts per million (ppm). Column 1 1lists the acceptable values
for tap water for the Stata of New Mexico. The water.sample for
column 2 was obtained in the laboratory fren shelby tube leach-
ate. The third column represents the ion analysis rom a water
sample obtained from the surface pond at the impoundment. A pPH
value is also given for this sample. Both water samples (2 & 3)
exhibit enormous amounts of Fe, Mn, and Zn in solution. This is

not surprising given the composition of the mill tailings.

TABLE 1

WATER CHEMISTRY ANALYSIS
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(ions in solution, ppm)

(standard)
ions (1) (2) _(3)
Al 5.0 0.07 178.0
Cr 0.05 0.5 <0.01
cu 1.0 0.5 11.45
Fe 1.0 1610.0 665.0
Mn 0.2 1225.0 128.0
Pb . 0.05 0.82 <1.0
Zn 10.0 2162.0 350.0
(PH) 6-9 2.25

~ (1) Tap water standard, State of New Mexico (NMWQS, 1981)
(2) Shelby tube leachate frem lazboratory analysis

" (3) Water sample from surface pond at the field site, 10/86
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IIT) DATA COLLECTION

SAMPLING LOCATIONS

Shelbv tubes

A sedimentary structurs that coarsens vertically upward and

fines laterally will be roduced from an upstreamin eripheral
z g, periphera

tailings discharge system. This was the type of discharge syster

used to deposit layers 2 and 3 a= the Waldo impoundment. Figure

7 is a cross-section of such a sedimentary segquence. The

coarser-grained particles (sandsj] will deposit Uickly near
the discharge point. The finer-grained particles (slimes)
deposit in the less turbid waters of the tailings pond located at
a greater Idistancevffdm the dischafge point. In between these
somewhat distinct 'zones!' exists a gradaticnal area of interbed-

ded sand and slimes. The interbedding in this zone is due to

fluctuations in discharge velocity from the mill site over time.

To better describe the sample locations within the impound-

ment, a reliable base map was needed. The scale on the existing

USGS topogravhic map of the area was much too large +to describe
grar j g
r

the impoundment in detail. a base map representing the impound-

ment was constructed by Ken Harris and myself using a. telescopic

alidade and plane table (Compton, 1962). Although this method of

surveying is somewhat antiguated, it worked well for this study.

The contour interval for this map is 2 feet (figure 8) with

the dotted lines representing 1 foot intermediate contours. The

reference elevation was obtained from a benchmark located

approximately 500 meters northeast of the impoundment.
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he Waldo Mill tailings
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This study will concentrate on the tailings from +the secend

. Layer 2 was chcsen over

N

layer of the impoundment (figure 8

layer 1 due to the metheods of deposition involved. The periphe-

-

ral discharge method used to construct layer 2 is more commonly
used iIn current tailings disposal than the disposal method
employed for layer 1 (discharge at the mill site from a non-rota-

ting point source). The depositional methods of the second and

third layers were identical. Layer 2, which is approximataly 3

times the size of layer 3, was <chosen over the +third layer

because it is more represantative o¢f the impoundment as a whole.

The horizontal sampling transect across the second laver is
located 3.4 meters due west of the return drain along a trend of

N&°W (figure 9). The individual dots along the transect mark the
V4

+
)+

sampling locations of the lower transect at the 152 cm depth. The

terize the entirs range of

}-4-
(D

Q

purpose of this transect was to charz

[

hydraulic properties in the mill tails. The position of this.
transect accomplishes this over the shortest distancé possible.
The finest-grained tails should exist near the return drain in
the central portion of layer 2. Therefore, the transect was

pPlaced as near to the drain as possible. The transect also

incorporates both the northern and scuthern edges where the

coarsest tails should exis+. Depositicn on the second layer
occurred from 3 edges (north, west, & south). Along the tran-

sect, the majority of deposition is believed to have come from

the northern and southern edges. Thus, one would expect the

basic structure along the cross-section to reflect that of'figure

10.
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The first set of samples werse taken along the horizontal
transgct at a depth of 15 ecm. Using shelby tubes, samples 52
cm in length were cbitained (15-67 cm beleow surface). This dezth
was-chosen in an attempt to characterizes the hydraulic prcperties
of the surface zone. Twenty-three samples were taken'at a

spracing of 4.56 metars laterally. One additional sample was

meters in length. The locatien of the shelby tube samples in

Pl

Cross-section from the upper transect can be seen in figure 11.

A second set of samples were taken along the same transect

at a depth of 152 cm. Once again, shelby tukes were used to
obtain samples from 152-205 cm below the surface. This depth was
chosen because it is approximately the midpoint of the second
layer (figure 11). Sixty-seven samples were taken aﬁ a spacing
of 1.52 meters. Three additional samples were taken at the

northern end of the transect at a spacing of 1.25 meters. The
length of the lower transect is 104.07 meters as well. The
increased number cof samples for the lower transect were taken to

better characterize the va

o

iability of the second layer laterally
along the cross-section.

In addition, six continucus vertical transecté, totalling
46 samples in all, wers taken within 5.5 meters of the_horizontai
transect. Transects V6, V7, V10, and V11 lie to the west of the
horizontal transects (figure 9). Transects V47 an? V75 were

pPlaced to the east of the horizontal transect due to excavation
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of trenches necassary to obtain these samples. The pﬁrpose of
the vertical transects is to characterize the variability of the
tailings at the different :locations with depth. Samples along
these transects are taken continuously from the surface,*through
the tailings, and into the native soil. Due to *he loverlap of
layers 1 and 2, 4 of the § transects contain samples from layeé 1
as well. The extent of the cross-sectional area sampled by thé
vertical transects is shown in figure 12.

Neutron access tubes

Fourteen 5.1 cm diameter neutron-probe access tubes varying
. in depths from 1.5 to 9.1 meters were installed at various
locations in the second layer and surrounding soil. The loca-
ticns of these tubes are represented by the triangleé in figure
S. The locations of these tubes wers selected to adeguately
characterize the in situ moisture contents in the different media
throughout‘the second,lgyer. Six of these tubes were placed 7.5 .
meters to the west of the drain tower at a trend of N 7.5 W. The
access tubes were emplaced prior to sampling at the vertical

transect lccations. Neutron access tubes 6, 7, 10, and 11 are
ety ac )

positioned 2 meters due west of vertical transects,yﬁT_HlTGV%o,

and Vi1l respectively. Neutron access tubes 3 and 9 are located

10.1 and 10.7 meters: away from vertical transects V47 and V75

respectively. Samples at V47 and V75 were obtained with the aid
— TN

cf a backhoe. This Procedure produced large trenches that were

later backfilled. The increased distances between the access

tubes (8 & 9) and transects V47 and V75 were necessary so that

the disturbance caused by sampling would not effect moisture
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rezadings at access tube locations 8 and 9. An additional access

tube in the native soil was emplaced along the same trend as

tubes 6-11. This tube was positioned +to provide soil moisturs

data along the transect +to the south of the impoundment.

As  previously menticned, neutron access tubes  6-11 &re

located near the 6 vertical transects. Their position in

Cross-section is noted in figure 13.

SAMPLING PROCEDURES

Obtaining undisturbed sample cores

Before a decision could be made on the method of data

collection, it wWas necessary to determine which hydraulic

rarameters of the tailings would be wuseful in this study. The

hydraulic properties focused on for this study include: saturat-

ed hydraulic conductivity (X), porosity (n), volumetric moisture

contents at 1.5 and 15 bars pressure (6,5 & 6,;), soil moisture

Characteristics (4/¢ curves), in situ moisture contents (3), and

particle-size distributions.

Man field and laborator methods exist to detsrmine
Y

saturated K. Field methods such as the instantaneous profile

(IP) test or the double-cylinder permeameter do not characterize

variability in a layered media very effectively (Hillel, 1930).

Using either of these metheds, it is also difficult to obtain X

values for the matrix at depths below the surface zone. For

these reasons, it was decided that 'undisturbed! sample cores

would be taken for use in the laboratory instead of determining
the hydraulic preoperties of the tailings in situ.

Two methods for obtainin 'undisturbed' core samples were
g
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available for this study. These metheds included the wuse of
S.1 cm x 5.0 cm diameter 'ring' samples which are obtained using
a hand sampler and 61.0 cm x 7.6 ecm diameter thin wall samplés
(shelby tubes) which are obtained with the aid of a drilling rig.

One dozen ring samples were initially obtained to determine
the feasibility of this method for sampling tailings. This
method, however, was quickly proven ineffective. It was impos-
sible to obtain samples. at locations in the coarser-grained,
partially cemented sands. The bPressure necessary to force the
sampler through these resistan: layers could not be obtained
using a hand sampler. -

A probklem with sampling in the fine-grained material

(slimes) was also encountered. The slimes_ tend to be very
fine-grained (mean particle size = .006 mm) and exhibit a high in
situ moisture content (6-20.35). These twec factors make for a
very cchesive ‘matrix. When attempting to extract samples

from the 'slime zone', it was difficult to break the adheéion at
the base of the sémple. Many times the adhesicn of the base of
sample to the original matrix was greater than the friction
between the sample and the sample ring wall. Thus, many samples
from the slimes could not be extracted from the base of the
borehole. Duve to these problems, this method of sémpling was
akandoned.

The alternative methed of using shelby tubeé was found to be
preferable for sampling in tailings. Galvanized steel shelby
tubes 61 cm in length were chosen. Galvanized tubeé were used

due to the corrosive nature of the tailings. Corrosion of
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non-galvanized steel tubes occurred after only one use.

;VVThe shelby tube samples were. obtained with the aid of a
MobilérB—SO drilling rig. In attempt to preserve the structure
of the original matrix, rotation was not used during sampling.
This is common practice in shelby tube sampling. A sample is
retained in a shelby tube by 2 forces: . 1). friction between éhé
sample and the +tube wall, and 2) sucticn:-from entrapped air
ﬁetween the top of the sample and the shelby tube adapter. Thg
additional retaining force proevided by the suction enablaed
é;eater sampling success in the finer-grained material (slimes).

One of the main advantages to using the drill rig was the
.ease of obtaining shelby tube samples at depth. A borehole,
equal in diameter to the shelby tube, could be drilléd directly
above the sampling location. This procedure enabled samples to
be taken at depths up to 10 meters.

The drill rig aiso enabled samples +to be taken in the
resistant, partially-cemented 'sand zones', Thé pressure
suéplied by the weight of the rig was enough to cut through these
reéistant layers in all but a few cases. Due to the extremely
dry conditions in these 'sand zones! (,=0.10), an incredible
amount of resistance (up to 1200 psi) would build up between the
outside wall of the shelby tube and the surrounding matrix.
Obtaining a sample under these conditions was made possible by
spraying the ocutside of the shelby tube with tap water prior to
sampling. The water acted as a lubricant which resulted in a
substantial decrease in resistance.

Another advantage to the shelby tube when compared to a ring



sample is its greater veclume. Four conductivity measurements can

be determined for a given permeability test within each shelby

tube sample. It would require 4 separate ring samples and 4
permeability tests to reproduce these same results,
The shelby tube sampling method, however, was nct'completelyii

trouble-free. Problems still existed when attempting to recovers

samples from the fine-grained slimes. Very thin layers . (1-2 mm)

of silty sand are layered within +the 'slime zone'. These sanqaé

layers can be seen in figure 14 along the measuring tape at 12,

i8, 25, and 31 cn. These layers have little or no tensile =

strength. This is noted in the photograph by the fact that, upon,.

drying, +the slime sample cores invariably separated along the

fine sand layers. When attempting to extrude a sample frcm

slime matrix, the adhesion at the base of the sample was invari-

ably greater than the tensile strength of cne of these thin sand

layers within the shelby tube. &as a result, the bottom pertion .

of the sample below one of these sand layers was commonly

unrecoverable. This meant that only a partial sample above the

given sand layer could be retained. The arrows and numbers along

the left side of the sample core in the photograph represent the

interval over which conductivity measurements were obtained.

Many different ideas were tried to combat the sampling

problem in the slimes. The first methed, which unfortunately

Proved unsuccessful, ' involved rotating the shelby tube 1/4

revolution before extruding it from the matrix. The idea here

being that the rotation might separate the base of-sample

from the matrix. Due to the highly pliable nature of the slimes,
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Figure 14. Photograph of 'slime' sample core showing the
presence of very thin (1-2 mm) silty-sand layers.
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the adhesion between the sanple base and the matrix could not be
broken using rotation. The next idea was to coat the inside of
the shelby tube with coarse sand prior to sampling. The sand was

the sample and the surface

s

addedftq‘incréase_thavfrictionbetwee
of thé tubévwali. Uﬁfortunately, this increased friction”wésunot
7great encugh to overcome the adhesion of the slime sample to the
matrix. Compacting the sample by overpushing was also +tried on
the advice of Steve Gray (1985). It was hcped that by cecmpacting
the sample throughout the shelby tube, the force between the
sanple and the tuEe wall would be increased. Once again, the
method proved unsuccessful.
' After all other ideas ha@Ibeen exhausted, samples from the
'slime zone'! were obtained with the aid of a backhoe. This
procedure included pushing the.shelby tube as wusual wusing the
drill rig. However, instead of lifting the shelby tube from the
borehole, a backhoe was used to dig a trench along the side of
the shelby tube. The shelby tube could then be capred on the
bottom and lifted frem the trench. The sample was encased in the
shelby tube at all tines during excavation with the backhoe.
Therefore, it is unlikely that any sample disturbance occurred as
@ result this method. Eighteen sanples from the lower horizontal
transect as well as all 17 samples from vertical transects Va7
and V75 were obtained using this method.
Difficulties were also encountered when sampling the soil
underlyiﬁg the impoundment. The soil is very poorly sorted with
pebbles up to 2 cm in diameter common. Contacting 6ne of these

rocks during sampling meant destruction of the shelby tube




cutting edge. Due to the freguency of these pebbles in the soil,
it was very difficult to obtain 'full' shelby tuke samples.

Installation of neutron access +tubes

Thirteen neutron access tubes wers installed in the secoﬁd
layer. An”additiéﬁél access tube was emplacad in the hative soil
21 meters south of the impoundment. These 5.1 .cm diameter tubes
are made of aluminum with a wall thickness of 1 mm. Boreholes
for the access tubes were drilled using 5.1 cm drill stem powerad
by a Mobile B-30 drill rig. Enlargement of the borshole during
drilling to a diameter greater than 5.1 cm occurred. An annular
space between the access tube and the borzhole wall of approxi-

mately 0.5 cm was found to exist when installing the access

tubes. This space was carefully backfilled with tailings to
prevent piping of water down the outside of the access tube.
- The access tubes must be kept water tight betwesn readings.

The base of each tube is sealed with a no. 10.5 rubber stopper.
In addition, a layer of silicone was applied to the outside of
each stopper. The top of an individual tuke is sealed in between
moisture readings using a no. 10.5 rubber stopper as well.

Due to destruction by vandalism of previously installed in
situ apparatus at this site (mercury manometer tensiometers and

the neutron access tubes

Hh

neutron access probe tukes), each o

used in this study were buried beneath the surfaca approximately

W

5-7 cm. In between moisture rsadings, a 7.6 cm diameter PVC cap
is placed over each of the neutron access tubes. These caps are
then buried approximately 1 cm with tailings. The position of

the access tubes have been surveyed onto the topographic map.
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Their locations in the field are marked by large rocks which ars

uncommeon to the surface of the tailings on the second layer.

LABORATORY PROCEDURES

Laboratory procsdures wers

'U

to determine:

= saturated hydraulic conductivity K
- porosity n
- Volumetric moisture content @ 1.5 bars b5
- " " " @ 15 bars §,s
= . 50il moistura characteristics 8/ curves
= particle size distributions:
particle diameter at 10% finer by weight d,,
- " 16% . 1 dl:‘:
- ] 30% n d:o
- " 50% " dso
- " 60% " 4,
- " 84% n dg, -

Us¢ng these particle size parameters, the rollow1ng particle
size distributicn parameters were determined:

~ geometric mean particle diameter GM = (d,; x g,,)0s
- uniformity coefficient UC = (dm ")
= coefficient of curvature CC = (d,,)2 /
(di X dy)
= trask sorting coefficient SORT (dgy / dy4) 08
- trask skewness ccefficient SKEW = (d;, x d,,) /
(dyo) 05.

Hydraulic conductivity

The first analysis run on the shelby tube samples was the

determination of X using the shelby tube permeameter. The

operating procedure for the permeameter is listed in appendix 2

Three manometers were used in this procedure aleng with a

constant head source. This enabled 4 conductivity measurements

to be ob alned from each sampl

Sample extrusion

A smaller sample was needed for use in dete:mining 8/

relationships. Therefore, a 3.0 x 5.4 c=m diameter ring sample
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was obtalned from the Dbase.of each shelby tube sample. To do

this, +the shelby <tube sample was extruded using the Vertiject

0]
'1
ri
’Jo
o
[te]
g
2]
0
0O
(D
2
o]
H
1
n

device (see appendix C for op

Along with the ring sample, 3 additional 'grab! sémpies wers
retained from the shelby tube every 13.3 cm. Tﬁese 'grab'
samples were retained for particle size analysis. The ldcation
of the 'grab' samples within each shelby tube correslates dirsct 1y
to the position of the shelby tube permeameter manometers.
Figure 15 1is a schematic diagram of the sample locations within
a shelby tube.

Using the Vertiject device, intact sample cores wers
obtained from the snelby tube samples of the vertical transects.
These cores were later cut in half and photographed. Selected
photographs of these cores taken from variocus positions in the
cross section are presented in appendix D. Once again, a ring
sample was taken from the base of each shelby tube sample. In
addition, 3 'grab' samples were taken from the discarded half of

each shelby tube core.

§/9 relationships

The sample rings obtained from the shelby tubes were then
used to determine moisture content/pressure head relationships of
the tailings. Appendix E describes the ﬁethods used to obtain
such 4#/¢y relationships.

The volumetric pressure plate was used +o determine the
moisture contents of the ring samples at 1.5 and 15 bars. This
analysis was performed on all ring samples taken ff&m both

horizontal transects.
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location of:
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Figure 15. Locations of permeability and particle size
samples within a shelby tube. ' &
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A more extensive 4/ analysis was performed‘on the ring
‘sampies from the vertical transects. Using both "~ the hanging
columﬁ apparatus and the volumetric pressure plate, §/y curves
were produced for all of the vertical transect rings.

Particle size analysis

The final 1laboratcry analysis was the determination of
particle size. Due to the fine~-grained nature of the tailings,
both hydrometer and sieve analyses were used (appendix F for
procedures) . Sixty one samples from <the lower horizontal

ransect (192-205 cm) and 47 samples from the 6 vertical tran-
sects were analyzed using " these methods. Using the data from
d

this analysis (4 d,,, etc.), the particle size distribu-

107 pE-24

tion parameters of geometric mean, uniformity coefficient,
coefficient of curvature, trask sorting and trask skewness were
determined.

Neutron probe ’

In situ field moisture contents were determined using
neutron thermalization or neutron scattering. The neutron probe
used is manufactured by Campbell Pacific Nuclear, model 503. The
radiation source consists of 50 millicuries of americium 241/ber-
yllium. The probe was calibrated to the field site by my
partner, Ken Harris. Moisture readings were determined at 30.5

cm intervals in each of the access tubes.

PRESENTATION OF DATA

It was mentioned earlier that, due +to the metheds of
deposition, a tailings impoundment 1is far from a homogeneous

environment. One would expect the hydraulic properties of such a



~media to vary throughout. The presence of such variability was

found to be the case at ' the Waldo Mill impoundment. The data

values described in this study (4 eeer g, 6/¥, n, 6,5,

107

b15+ 87, & log K) are prasented in tabular form in appendix I.

Two basic hypotheses formulated prior to sampling on the

variability of the hydraulic Properties at the Waldo site were :

<t><a great deal of variability should exist horizontally acrecss

the seccnd layer and a lesser degree of variability should be

pPresent vertically through the second layer. The magnitude of

the horizontal variability was envisioned due to the radation of
Y

particle-size away from the emitters (flumes). Zones comprised

of sand, sand/slimes, ‘and slimes are cecmmon as the distance from

the discharge point increases (Kealy, 1971). It was believed

]

prior to sampling that a greater degree of homogeneity should

exist in the vertical dirsction (

H

igure 10). Some questions

remained, however, about the vertical variability in the 'sand-

slime' zone. Interfinge

H

ing between sand and slime layers would

result in a greater degree o

th

variability.

- Particle size distribution

To begin with, the variability in the particle size distri-

bution will be discussed. Figure 16 represents the particle size

extremes along the transect. The plots ars a measure of particle

diameter versus percent finer by weight. The break in curve A at

75 microns is due to discrepancies in the data produéed by the

sieve and hydrometer analyses. Sample A, taken from the central

portion of the cross section, is composed Primarily of silt and

clay-sized tails. The coarsest sample, B, was taken near the
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Figure 16. Range in grain size curves exhibited throughout
the cross section. ’
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0

Figure 17. Comparison of particle size extremes to naturally

occuring soils.
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northern edge. It is composed primarily of fine and medium-

grained sand-sized tails. The diagonal lines separating the two
curves represent the range of grain sizes which can cccur between

the edges and the central portion of the cross section. It

appears from figure 1 that the majority of +the tails are silt-
sized particles.
The particle distribution of the tailings can be compared to

-

natural occurring secils using a scil textural triangle

Hh

that o

(figure 17). The finest tailings sample in this case would be

classified as a silty clay loam while the coarsest would classify

as a loamy sand. Intermediate tailings samples would classify as

silt loams, loams, and sandy loanms.

ong the transect in the

,—l

The variability in particle size a

horizontal direction is plotted in figures 18a, 19a, and 20a.
These figures represent the particle diameter in microns at 10,

50, and 84 percent finer by weight respectively. Notice the-

difference in scales along the Y axis for each plot. Pricr to
e,

sampling, it was assumed +that the particle size 1in the center

portion of the transect should be quite uniform both horizontally

and vertically. This is definitely the case laterally from 25-62
=== Yefercaliiy. 1

meters along the transect. This marks the area where the

uniform, fine-grained slimes are present. The variability in

this zone (25-62 m) is grsatest at the 84th percentile. This

variability, however, is rowhere near that present in other
sections of the transect.

As one moves to either side of the slime zone, the particle

size of the tailings increase. This is to be expected with a
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eripheral discharge systasm. The variability in  particle size

between sampling locations also increases substantially +o either
e Y

side of the slime zone. The particle size near the edge of the

impoundment is a function of the particle size coming frem the

mill house. The degree of crushing at the mill site was depen-

dent on the ore content in the rock. Thus, the was:te material

produced by the mill would vary 1in particle size. - Near the

flumes, the cocarser particles would settle out. The fines tended

to be carried to the pond in the central portion of the impound-

ment. Between these 2 areas, layers of coarse and fine-grained

tails form depending on the cutput from the flume. The presence

()]
)
¢t
[oR
o
)
'...l

of these layers, many under 1 cm in thickness, cause a gr

variability in the rain size distribution in areas from
g

[

@]

0-25 m and 72-104 m.

A sharp discontinuity in the data exists at 62 meters in

figures 18a, 19a, and 20a. In a distance of 1.5 m along the

transect, the samples go from the finest encountered to some of

the coarsest. The Presence of such coarse material over 30 B
. . i el

meters frem the flume line (southern edge) is very surprising.- Ekfy‘%?

The second layer of the impoundment is somewhat bowl-

shaped. The tailings were deposited downslope from the edges.
As the pond in the center of the impoundment would begin to fill

in, the gradient between the edge and the center decreased. For

this reason, the layers of téilings are not always parallel to

the surface. Therefore, even though the depth of the samples

from the surface was identical (205 cm), chances are that the

Same layer was not sampled. This is most likely the reason for
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the sharp discontinuity at 62 meters. Figure 21 is an exaﬁple of
how such a discontinuity could occur.

igures 18b & ¢, 1¢b & €, and 20b & c exhibit the variabil-

!

'».J-

ity with depth of d,,, d,,, and dgy Trespectively. ~Ihe particle

size distributions from the vertical transects in the slime zone

(V7 & V47) are the most uniform with depth. This was envisioned

previously. On the contrary, the variability at V6 and Vil alcng

—

the northern and scuthern edges is very large. Once again, this

is due to fluctuations in the cutput from the mill. The varia-

bility with depth in +the transition zone, sampled by transects
V10 and V75, is -much greater in the coarser fractions (d;, and
dg,) éhan in the finer fraction (d,p) - The large variability

is caused by interfingering of coarser-grained layers with the

fine-grained slinmes.
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The particle size at appros
pPlots for the inferior vertical transects v7, V47, énd V75 are
much coarser than the underlying samples. The reason for this
increased particle size at shallow depths in the interior of the
second layer could be the result of surface wash. Surface wasn
would cause coarser particles from the edges to be redistributed
towards the center of the transect. This proccess would be the
most effective when the pond is absent from +he surface of the
second layer.

The uniformity coefficient (UC), as the name suggests,
is a measure of how uniform the particle distribution is within a

sample. Figures 22a, b, & c are the plots of UC throughout the

Cross section. 1In figure 22a, it is found tha* the most uniform
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_samples are located near the edges (0-38 m and 96-104 m) and from
e ’

62-73 m whers a coarse sand layer was sampled. Therefore, even

though the grain size varies considerably between layers with

depth along both edges, tha individual layers (sample thickness =

3 cm) are very uniform in particle size. If mors than one layer

is sampled within the 3 ca long ring sample, the range‘in

particle size for the sample will increase. Thus, the Uc for

that sample will also lncrease. Therefore, a high UC value

within a given sample ring is a good indication of layering.

Large fluctuations in the UC from 8-42 m and from 73-95 m

It

are present in figure 22a. This variability is no doubt due to

layering of coarse and fine-grained tails as previocusly mention-

ed. Lower UC values ars present from 42-62 meters. Fine-grained

tails predominate in +this area with 1little interlayering of
coarser grained particles.

All inferences made using the 'grain size data rom the
vertical transects must be deone with caution. This is due to the

scarcity of data in the vertical direction.

To summarize, it appears that the center portion of *the

transect (slinme zone, 25-62 m) is the most uniform with fine-

grained tails predominating. Between the slime zone and the

edges (8-25 m & 62-96 m), highly variable transition Zones are

present. These zones appear to consist cof interlayered fine and

Sarse-grained partiqles (slimes and sands). Near both edges

(sand zones, 0-3 m & 96-104 m) the tailings are coarser grained

but still highly vafiable with depth. In the sand zones, the

degree of layering is dependent on the variance of particle size




delivefed frem the mill.

ﬁThe range 1in grain size was also determined for the soil
underlying the transect. Figure 23 shows that the rance in grain
size 1is much 1less for the soil than the overlying tailings.
Observation of these curves show that the soil is very poorly .
sorted ranging from clay to gravel-size particles within the same
sample. The 2 plots ars not the typical smooth, S shaped curves
that were seen for the tailings. This is due to the multi-mcdal
distribution of particle sizes present in the soil. Plotting
the 2 extreme wvalues on a soil textural triangle (figure 24)

shows that the underlying soil ranges from a loam to a silt loan.

Pore size distribution

The particle size distribution was just shown to be quite
variable throughout the cross section. Therefore, it is likely
that the pore size distribution will also vary greatly. Although
the particle size’ distribution is not the only factor inflgencing
pore distribution, iﬁ is probably the most important. Other
factors influencing pore size distribution include packing
structure, particle shape, presence of secondary cementation, and
degree of compacticn.

The range of the pors size distribution from the cross
section through second layer can be seen in figure 25. Beth
curves represent tailings moisture characteristics (4/¥ curves)
upon drying. Each plot was fit to its set of respective data
points (nct shown) using the regression program VANGNM written by
Rien van Genuchten (1973).

The variability between the 4/y curves A and B in figure 25
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is similar +o the variability between soil moisture characteris-
tics of a clay and a fine-sand. Tt is not coincidental that the
W¢ relationships develcped from samples A and B in figure 25
are based on the éame samples as figure 16. The samples (A & B)
which mark +the particle size distribution extremes in figure 16
also inversely form the pors size distribution extremes in figurs
25,

Moisturs contents for samples along both the horizental and
vertical transects wera determined at saturation (porosity), 1.5,
and 15 bars pressure. The moisturas content at 15 bars (4,,) was
analyzed because at this pressure most of the available water in

the sample has been extruded. 9,5 is commonl
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residual moisture content. The moisture content at 1.5 bars
(6,5) was also analyzed for each sample. This is a very userful
intermediate pressure to distinguish between samples with
different pers size aistributions. Extensive 4/y relationships,
enabling the construction of §/¢ curves, were detarmined for all
soil moisture samples from the vertical transects.

Figure 26a is the porcsity distribution along the lower
horizontal transect (205 cm). The range in porosity values along
this transect is quite extensive (0.38 to 0.63). The porosity
distribution is the most uniform in the slime zone (25-62 m).
Here, the values only range from 0.52 to 0.62. Aside from this
20ne, poresity values throughout the rest of the transect are
highly wvariable. This wvariability is no doubt due to the
layering in the coarse-grained fractions.

In the vertical direction (26p & €), poresity appears to

(O]

(V)]
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Figure 26a. Porosity distribution laterally at 205cm depth.
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decrease slightly with depth. This slight decrease could be the

result of matrix compaction with increésing overburden.

Figure 27a is the moisture coﬁtent distfibution at 1.5 bars
along the lower transect.. The variability of the 8, distribu-
tion is much greater +than that of the porecsity distribﬁtibn.
9,5 values range from 0.03 to 0.43. Once again,'the fine-grain-
distributicn. The

ed slimes (25-62 m) exhibit a rathe unifo

4

in the grain size distribu-

ot

sharp discontinuity <that is presen
tion (figures 18a, 1%a, & 20a) is found in *the .Qj
as well. The presence of +this discontinuity was not evident from
the porosity distribution plot. The sand-sized tails present
from 62-73 m de-water easily in comparison +to the adjacent
slimes. The large fluctuation in the ;s data from 73-104 m is
very similar to that cbserved in the porosity distribution.

The 4, distributions with depth (figures 27b & c) appear
to be quite uniform in comparison to the horizontal transect.
This is true for all the vertical transects except V75. The
fluctuations along V75 aras as great as the range of 8,5 in the
horizontal direction. Once again, these fluctuations in 4, are
caused by layering in this area.

The moisture content distribution at 15 bars (4,5) is
similar to that at 1.5 bars (figure 28a). The majof difference
between the two distributions is noted in the slime zone (25-62
m). The variability of §,¢ between samples in this area increas-
ed substahtially (range 0.11-0.35) with the increased pressurs.

Wierenga (1984) also found this to be the case in fairly homoge-

necus soils. With incrzased tension, he discovered that +he
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variance in 4 between samples increased.

The 4, distribution with depth (figure 28b & c) is similar
to the 4, distribution. Once again, the greatest variabili:ty
is present along transect V75. |

Hydraulic conductivity distribution

There is a problem of scale when sampling layersd media with
shelby tubes. Manometers are emplaced into the shelby tubes
during conductivity reading to better delineate the presencs of
layering. Using these manometers, conductivity values can be
determined at differsnt places in the tubes every 13.3 cm.
However, if the thickness of a layer is less than 13.3 cm, its
conductivity will be affacted by the overlying and/or underlying

layers. Layers of 1 to 2 cm thickness are common throughout the

cross section. Since all shelby tube samples were taken verti-
cally, perpendicular o the layering, the X values determined are

P
actually arithmetic averages for a given number of laye;s over
13.3 cm. This method dces not measure the individual conducti-
Vvity of each and every laver. This would not be practical on
such a large scale. EHcwever, the presence of inter-layered fine
and coarse-grained material should result in greater variable
measurements of K when comparsd to uniform samples,.

The size of the pore openings (intrinsic permeability) is,
in part, a function of a sample's hydraulic conductivity (Fetter,
1980). As was described previously, the pore size distribution
of the tailings varies greatly throughout_the cross section.
Therefore, it comes as no surprise that the conductiviﬁy distri-

bution is also found to vary greatly as seen in figures 29-41.
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Plots 29-35 1represent the logarithm (base 10) of K versus
distance along the transect at depths from 54 to 205 cm with 0.00
m located at the northern edge. The possigle range of conducti-
vity wvalues in naturally obcurring sediments is presentad in
figure 42 (Freeze & Cherry, 1978). The 2 dashed lineé delineate,
the range in K from the second layer of the impoundment. ]

The conductivity values from the shallow transects (28, 41,
& 54 cm) are gquite random. These values fluctuate great-y_wit@
no apparent trend to the data. This lack of trend for X along

the upper transect could be caused by a number of secondary

pper 530 to 75 cm of the seccnd layer do not

(vl

processes. The
mimic the structure present at greater depths. This discrepancy
is possikly due to surface .wash, partial cementation, and/or
precipitation of salts. Partial cementation has enabled extreme-
ly resistant layers (1-3 cm thick) to form near the surface (to
depths 6f 1 m) in the coarser-grained zones of the second layer.
At greater depths (179, 192, & 205 cm), the K distribution
is noted to have more of a trend rather than just a pufely random
distribution. The conductivity distribution at 205 cm somewhat
mimics the particle size distribution. The variability in the
particle size distribution, however, appears to be much greater.
The data from the 179, 192 and 205 cm depths are in close
agreement with one another. This not the case, however, when
comparing these 3 depths with K values from 165 cm. The mean
value for 165 cm is almost an order of magnitude greater than the
lower samples. This difference is believed to be the result of

problems encountered during . sampling. The diameter of the
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borehole drilled directly above the sample location was identical
To that of the shelby diameter (7.62 cm). As a result, cuttings
from the sides of the borshole were often mistakenly sampled and

would thus end up on the top of the shelby tube sample. Thesa

68

cuttings (up to 6 cm in total thickness) tended to be very broken.

up and 1ot at all reflective of the original matrix. Becausa of
this, conductivity values measured in the upper portion of mest
shelby tubes were grsatsr than one would expect. This 'false
sample' was easily discernible by the presence of oxidized
material (yellow to tan in color) in the upper portion of the
shelby tube. Oxidized layers throughocut the cross section are
not commen at depths greater than approximately one meter.

The conductivity values are found to vary greatly in the

vertical direction as well (figures 36-41). The least amount of

n

variation is seen in transects V7, Vii, and V47. 7This wa
expected for the finer grained material. ‘In both V6 ahd V1o, K
values vary greatly and appear to decrease slightly with depth.
The K readings at‘ V75 appear to fluctuats randomly with depth.
Four orders of magnitude in conductivity values are present along
the 3.5 meter depth of V75. The conductivity values, along with
§ and particle size data from V75, once agéin roint out that
layering must be present in this area.

In situ meoisture content

In situ moisture content - can be obtained with a neutron
moisture probe. In order for the probe to operate accurately, it
must be calibrated to each specific field site. The calibraticn

is performed by comparing 4 values cbtained from both the mois-



ture probe. and destructive samples. 2 calﬁbraulon curve is tﬁen

produced from the data using a least s~Lares regression fit.

Problems were encountared when: using the moisturs probe in

tailings wetter than 8,=0.35. The model 503 Hydfoprobe'from(ﬁ

+

Campbell Pacific Nuclear is limited in accuracy to moistural

contents™ no greater +han 8,=0.32. In situ moisture contents &

greater than 0.32 are common in the slimes. An accurate method

for determinig 4, values in tailings greater than 0.35 has yet to

be developed.

The sphere of influence for & neutron moisture probe is.

approximately .30 cm. Therefore, if more than 1 soil tvpe is

pPresent within the range of the probe, an averaged moisture

content value will be reported. Fine layers (1-3 cm) are common

in the tailings. Thus, by using this device, averaged values

from the tailings layers are determined. This averaged process

will have the dreatest effect in the transition zones where

interfingered slimes and sands are common.

Figures 43-46 represent the moisture content distributicns |

with depth 5.2, 67.5, 78.6, and 102.3 meters from the northern

edge along the cross section. The 5 lines on each figure signify

moisture content readings obtained at various dates in 1886. The
¢ distribution for each access tube is quite uniform over time.

The plots 43-46 are included so that a general idea of the

in situ moisture content ‘with depth can be gained. Due to the

Problems encountered at high moisture contents, and because this

device obtains ¢ values over approximately 3olcm, this data will

not be used in the following analysis sections. : 1
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(unitless)??ffj o
(micrens) - BT
(unitless) 7 LEE

n ’ 01.5 ’ 615
d,, GM .
UC, CC, SORT, SKEW

Variable, denth 2 of gamples Mean Std deviation .. Range
. e e - - e S
leg K, 28 cm 22 =3.700 0.787. -+  3.521 4
", 4l cm 21 -4.075 " " 0.%29 3.639 . &
", 54 cm 23 -4.823 1.259 . 4.804
", 165 cnm 68 -4.197 “l.018 4.320 -
", 179 cm 68 -4.944¢ 1.000 4.422 =
", 192 . cm. 68 -4.994 0.980 - 3.978 -
", 205 cm 61 -5.101 0.992 4.180 ;
n , 67 cm 20 0.525 0.075 0.330 A
n , 205 cnm 63 0.320 0.065 . 0.293
8,5 , 67 cm 20 0.278 0.122 0.397
85 , 205 cm 68 0.234 0.142 0.392
b , 67 cm 20 0.208 0.0938 0.313
6 , 205 cm - 67 0.123 0.086 0.327
d,, , 205 cm ; 61 6.785 9.456 33.723
B L 61 13.253 16.881 58.132:
dip oo 61 24.743 26.888 ° 99.062
d, " 61 43.213 42.116 = 144.869 .
de, " 61 55.815 51.453  172.477
ey , M 61 102.225 81.405  292.573 .
G " 61 34,944 35.291 119.988 ;a
uc |, "o 61 14.527 7.691 © 36.489 =
cc , g ’ 61 1.725 0.877 3.516 .
SORT, " 61 5.306 1.721 7.362 .
SKEW, " 61 0.660 0.464 2.633

TABLE 3

3
Vertical transects statistics: LAVYER 2 1
units: see table 2 : T
| E
-Variable, transect # of samples Mean td deviation Range o
log X, Vs 20 -4.577 1.032 3.317 e
Yo, V7 ' s -5.394 0.670 1.883 '

", V47 19 ~5.974 0.524 2.294°
", V75 19 -4.394 0.971 _ 3.735 4
", Vvio 23 -4.374 0.797 - 2.792 o

"o, Vi1 18 -3.289 0.746 2.779

n , vé 7 0.434 0.041 0.129 [
"o, v7 3 0.594 0.034 ' 0.076 d
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0.241
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0.142
0.033
0.080

10.800
1.413
4.341
4.093
7.044

12.634

25.894
2.315
4.8324
8.851

20.122

27.7%4

45.581
5.072
6.210

20.879

44.271

43.272

75.072
12.478

8.873
37.092
75.722
65.463

93.985
18.165
11.638
49.606
92.934
82.560

0.038
0.062
0.062
0.055

0.072
0.029
0.030
0.120
0.046
0.042

0.041
0.041
0.047
0.085
0.031
0.027

16.840
0.486
4.4380
3.245
6.289

11.795

21.707
0.879
4.774
6.565

10.182

12.946

29.930
1.231
4.8833

12.125

23.443

27.357

36.7382
3.768
4.749

17.722

40.835

39.132

38.656
6.233
5.691

23.647

50.086

49.091

0.09%94

0.180°

0.1%886
0.154

0.217
0.061
0.082
0.343
0.134
0.117

0.110
0.098
0.129
1 0.254
0.092
0.086

53.682
1.120
11.092
9.377
14.283
27.733

65.934

1.897
i1.5z24
17.554
34.113
45.585

93.232

2.611
12.741
31.390
78.328
48.014

120.078
7.994
12.704
52.534
129.824
63.822

127.700
13.599
15.509
70.673

© 155.613

72.852
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dey , V6 7 168.286 39.637 128.934
v VT 3 $0.945 81.864 176.570
", Va7 4 34.971 26.256 63.703
", V75 6 129.002 96.193 284.134
", V1o 7 160.557 71.657 217.890
", Vi 7 136.963 80.332 115.000

GM , Vs 7 53.106 37.507 105.114
", vy 3 14.022 9.243 20.243
", Va7 4 12.531 11.353 7.939
", V7S 6 28.335 24.717 70.778
", Vio 7 49.225 31.054 87.291
", Vi1 7 4.498 41.451 - 80.754

The pesitions of the horizontal ang vertical transscts in
P

g.

i

Cross section are presented in figures 47, 43, and
and standard deviation values for dy, 4,5, and log K (figures

" 47-49 respectively) are Presented for each transect. Mean and

standard deviation values for 1layer 1 and the soil ars also-

included in figures 47-49 where data was available.

Statistical values calculated from the horizontal transects
©f the Wwaldo M%ll impoundment compare favorably to work done on
the Van Stone impoundment by Kealy (1970). Table 4 lists the
Statistical values calculatead by Kealy. The mean values for the
grain size parameters d;, and d,, are slightly higher for the Van
Stone impoundment. This is no deoubt due to the fact that Kealy
Collected the majority of his data near the edge of the impound-

ment where coarser tails predominate.

TABLE 4

- Statistical values from the van Stone lead/zinc

tailings impoundment (Kealy, 1970)

Variable Mean Range Comment
Yarilable Hean Range Lomment

log X, (cm/sec) -4.004 (=5.64)-(~3.48)  Intact,

H
|

(o
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Seil: u=85.%9 p=52.53
e=32.29 " e=13.24%
Soil/ Alluvigm (layer 1)
Figure 47. Mean and standard deviation values of d,, for each
transect.
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vertical corss

n . 0.44  0.40-0.13 Repacked samples
d,, (microns) 13.0 y '

a,., n - 70i0

ue, o 6.09

Conclusions

77

Characterization information”gained using sample statistics’

is listed below.

The grain size average from the cross section is interpreted
as silt-sized. However, a great deal ©f wvariability is
present in the parameters (dio, dig, d,, ds, dg, and dg,)
that make up this grain size curve.

The trask skewness value for the horizontal transect (SXEW =
0.660) shows that the tailings, as a whole, are positively
skewed with fines Predeminating.

The grain size parametars (dip=dg,) from table 3 exhibit a
decrease towards the central portion of the cross section.

The possibility of layering in grain size is indicated by
high standard deviation and range values near the northern and
southern edges of the Cross section.

The wvariability in grain size as measured by the standard

deviation, is a function of the mean for the finer grain-size

parameters d,, and d;, (figures 50 & 51). An increase in the

<

‘mean value within the finer fractions of a sample results in

an increase in the variability abeout this mean, This was not
the case for the Coarser-grained fraction (figure 52) within
each sample. In the central portion of the Cress section, the
variability (o) in d,, increases with increased mean values.

As one nears both edges, hcwever, the variability in d,, cde-
Creases with an increasing mean value.

Porcsity decreases towards the central portion of the cross
section (table 3).

The greatest amount ©of variability in the ¢ parameters (n,
.51 & 8,;) is present at 1.5 bars. This is becausas the
shape of +the individual ¢/ curves for fine and coarser-
grained materials vary greatly at this intermediate pressure
(figure 25).

At increased Pressure (15 bars), the variability (¢) in 4
for the fine-grained samples = (transects v7 g V47) increases
(table 3). This is generally the case in a fairly homogeneous
media.
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- The variability in theta decreases in the coarser-grained
samples with increased pressure (15 bars). These samples are
effectively de-watered at 1.5 bars in  comparison to the
finer-grained samples.

- The greatest variability in moisture contents with depth is
located in the transition zone (V75).  Large variability in
the § values is also present, to a lesser extent, near the
northern edge (V6). R

- Log K decreases tocwards the center of the cress section
table 3). '

- Log XK decreases slightly with depth througheut the cross
saection as seen by the mean values from table 2. The varia-
bility in log K 1laterally with depth along the horizontal
transects is relatively constant (table 2).

- The greatest variability in log K with depth is present
along transects Vé and V75. These are also the areas where
the greatest range in K values exist.

- The variability within the parameters d, ¢4, and K, as
measursd by their individual standard deviation values, are
found to <correlate slightly to each other. The standard
deviation values of d,,, §,,, and log K plotted against each
other follow a crude linear trend (figures 53, 54, & 55). An
increase in the variability in d,,, for example, results in an
increase in the variability in bkoth the ¢4, and 1log X
distributions. The origin of this trend, however, does not
appear to originate at the point (0,0). Hence, it appears
that even if no variability in the d;, distribution exists
(=0), an appreciable variability in the log K distribution is
still present (figure S54). This is also true in figure 55 and
to a lesser extent in figure 53. :

A shortcoming of solely using sample statistics for charac-
terization is given below.

- This type of analysis neglects to interpret the presence of
any trends in the data. Using this method, a possible trend
in the data will show up as an increase in the standard
deviation and range values. By making interpretations using
solely the mean, standard deviation, and range values, cne
might postulate that layering or simply a random distribution
of hydraulic properties is present when, in fact, a trend in
the data may actually exist.

By observing the variability in the different hydraulic
properties from the transects, it is apparent that assigning the

entire cross section a single mean value for each parameter is
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not an advantageocus methed of characterizing the tailings media.

REGRESSION ANALYSES

One of the major shortcomings of solely using the sample

82

statistics for charactarization was +the fact that this method

does not address trends in the data. It appears from the data
prlots in the previcus sections that trends do in fact exist in
both the horizontal and vertical directiecns. In the followin_
section, least sguarses rsgression analyses will be employved on
the various parameter distributions throughout the cross section
in an attampt to characterize the variability. This will include
regression analyses in 1 dimension in both the horizontal and
vertical directions. In additiecn, 2 dimensional .regression
analyses will be performed incorpecrating data from the entire
cfcss section.
Theorv

A regression analysis is formulated with the beiief that a
degree of relationship exists between 2 given variables (greater
than 2 for a multiple-regression analysis). The relationship
between these 2 variables can be described by a mathematical
equation. The basic, linear equation for a 2 variable regression
analysis is as follows:

(4 Yi B ﬁo i ﬂlxli T pi Jh=;]Hu;ge£.A£ é;ta points
ﬂo and ﬂl are constants termed the model regression parameters
(Chatterjee, 1977). By is the random disturbance which is the

increment that any individual Y value may fall off the regression
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line (Draper 19686).

-7

The method of least squares

is then used +to estimate the

parameters 50 and ﬁl. This involves minimizing the

sum of
Squares of the residuals § where
= - _ O 7 l

, - n 2
(2) s, 8,) = I () =
1=

WM

l(Yi T By T Bi¥y )

b

o and bl are used as estimates +o minimize S(ﬁO, ﬂl) by the
equations
—_ -— [ 2
(3) b, = Z(Yi-i)(Xli-Xl) / Z(Xli-Xl)
(4) bO = Y-lel
where
(5) ¥ =(L¥,)/n and (6) X = (IX;;)/n

In the case of a multiple regression analysis whers

independent variable is present, the linear regression equation .

becomes.
(7) Yy =8, + R BoXoy *+ ool + ﬁpxpi +opy
1= 1,2, ..., n P = number of independent
variables

This equation is solved in matrix form as follows

n 2
(8) XL (¥ =By -68%X. -~ ... -px .1" =
| j=7 % 0 1711 P pi

(¥ - x8) “(¥ - xg)

where
Y 1 X eee X yéj o
- ol _ 11 pl _ |70 _ [
L% E= X o.oxp O Y
Yn 1 Xln e Xpn ﬂp pp




Once again b is used as an estimator for g

(9) b= (XD

il><

'Y) whera Db = |b
b

A regression analysis can be applied to any set of ‘data no
matter how randomly distributed the data points. However, the
question, "What measure of precision can be associated with the
newly produced regression line?", must be addressed. In order to
use one of these equations as a predictive model, some degree of
significance of fit should be known.

The first- procedure in assessing the wusefulness of a
regression line is the ratio termed the multiple correlation
. coefficient (R?).

R? = (sum of squares due to regression) / :
total sum of sguares about the mean)

4

According to Draper & Smith (1966), R? measures "the proportion
of totai variation about the mean Y explained by ‘the regres-
sion." If R? is near unity, then Xl (the independent variable)
.. explains a large part of the variation in the Y (the derendent

variable). Cn the contrary, if 1little relaticnship exists
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between the independent and dependent variables, the R? value

will be nearer to zero. In this case, the best prediction for an
observation Y, is simply ¥, the sample mean.

A large value of R? does not always guarantee an accurate
fit of the model. The data must be observed closely to determine
if the correct model 1is being £fit (Chatterjee, 1977). For

example, consider a set of data that exhibits a trend surface



parabolic in shape. Either. a linear or a quadratic regrassion
equation could be used to described this trend. It is possible
that the Rz values calculated for each medel could be similar.

Thus, the R? values Provide no additicnal information as to which

8 5 faee

model better describes the trend in the data. however, by the_

simple bProcedure of analysis of residuals in each case, the more
advantageous model could be selected.

Examination of the residuals bproduced by a »regression
equation iek an effective method for detecting model deficiencies
(Chatterjee, 1977). Residual values can be analyzed to determine
if they follow-a normal distribution. Aan informal way to do this
is to Plot the resigual values on probability papef. If this
graph produces a straight line of points, the residual values are
assumed to be approximately normally distributed, and the

Tegression model isg valig, When a normal distribution of

residuals is not Present, the model should be used Wluh caution. .

This method of analyzing residuals is & very useful exercise for
1dent1fy1ng hidden structures in the data (Chatterjee, 1977).

The F-test is another method available which helps to
determine the  significance of & 2 variable regression equation.
This test is used to deduce the validity of the hypothesis
ﬁl=o. The definition of the computed F value is "the mean
“Square. due to regression di?ided by the mean sguare due to

residual variation.”
(10) F = MSr / st

This ratio is compared to the 100(1-a)% point of the tabulated




F(1,n-2) distribution (n=number of data points) in order to
determine whether ﬂl can be considered non-zero (Dfaper, 18s86).
If the calculated F is less +than the tabulated ”F value, the
hypothesis of ﬁl=0 is accepted. Thus, the regression equation
under analysis is actually collapsed to the simpler case with
ﬁl=o. If the converse is true, ﬂl¢0, the regression equation
is considered significant, and the form is retained..

The addition of independent variables to a regression
equatiocn (multiple-regression analysis) will not always aid in
the prediction of the dependent variable.  An independent
variable that . is highly correlated with another independent
variable within the same equation will not contribute greatly to
the regression equation. To test the significance of a particu-
lar set of independent variables, a partial F-test can be
performed to determine if deletion cf this se: (ﬂl=0, 1=1, 2,

.-+, P) greatly affects the regression eguation. The partial F

value is calculated using the follewing equation

(11) F = (Ss1 - 8s2) / (p - k)

MSEL
SS1 = sum of squares attributable to regressicn, full model
S52 = sum of squares attributable to regression, reduced model
p = degrees of freedom attributable to regression, full model
k =_degrees of freedonm attributable to regression, reduced

model
MSEl = mean square deviation from regression, full model
m degrees of freedom from deviation from regression, full

mcdel

This value is compared with the tabulated value F(p-k,m). If the
calculated value is less than the tabulated value, the hypothesis

ﬁl=0, 1=1,...k, 1is accepted, and the reduced model is used. If



the converse is true, the hypothesis is not accepted and the

..l‘

independentﬂvariablgs are retained in the equatien.

1-D Horizontal

To begin with, regression analyses were applied to the data
along the hori;ontal transects. Table 5 lists the various*oufput_
Parameters from these regression analyses. The independent value
for each analysis is listed in the first column with - the number
in parenthesis representing the depth from the surface in which
the samples were *aken. The dependent wvalue <dist>, 1listed in
the second column, represents the distance along transect from

the northern edge that the particular sample data was obtained.

The regression equation employed for all horizontal analyses

listed in table 5 is as follows:
(12) dep = ﬁo + ﬁl(indep) + ,Bz(indep)2

Also included in table 5: number of samples employed in each
regression analysis, and the multiple correlation coefficients
and F values from each regression fit. The tabulated F values
for the upper 5% ang 1% points are also included in table 5 for
comparison purposes.

The use of ‘the quadratic regression equation (12)  to
~describe the variability in the various particle size .parameters
proved only mcderately sSuccessful. The coarsest particle size
fraction (dgy) was found to closest resemble the fit produced by
‘the quadratic equation. The correlation coefficienté from the

regression analyses decreased with decreasing particle size




TABLE 5

ILeast sguares regression statistics:

1-D Horizontal
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number mult. :
Variables of correl. F tabular.
dev indep samples coeff stat F(5%) F(1%)
d,, (205 cm) dist (12) 61 0.376 4.764%* 3.15 5.00
dyg n " 61 0.407 5.743*%% 3.15 5.00
.o n " 61 0.466 8.024%% 3,15 5.00
dso n " 61 0.473 8.343*%% 3.15  5.00 -
dso 1 n 61 0.504 9.897%*% 3.15 5.00
dgy " " 61 0.583 15.075%*% 3.15 5.00
eh " " 61 .0.504 9.8389*%% 3.15 5.00
UcC " n 61 0.083 -0.203 3.15 5.00
CccC n " 61 0.38¢ 5.163%*% 3,15 5.00
SORT n " 61 0.210 1.335 3.13 5.00
SKEW " " 61 0.368 4.549* 3.15 5.00
n (67 cm) dist (12) 20 0.875 7.117%*% 3.59 6.11
n (205 cm) " 68 0.317 3.628% 3.14 4.96
b, 5 (67 cm) " 20 0.681 7.351*% 3,59 6.11
by 5 (205 cm) 1 68 0.666 25.850%% 3,14 4.96
b5 (67 cm) n 20 0.624 5.429%* 3.59  6.11
b5 (205 cm) . 67 0.536 12.873*%* 3,14 4.%6
log K (28 cm) dist (12) 22 0.271 0.754 3.52 5.93
" (41 cm) " 21 0.507 3.117 3.55 6.01
n (54 cm) " 23 0.528 3.870% 3.49 5.85
" (163 cm) " 63 0.603 18.602%*% 3.14 4.96
" (179 cm) " 68 0.833 73.473%% 3.14 4.96
" (192 cm) " 63 0.848  83.021%* 3.14 4.96
" (205 cm) " 61 0.3802 52.296%* 3.15 5.00
(d4,,) (205 cm) dist (12) 55 0.725 28.764%% 3.17 5.03
(8,5) B " 61 0.813 56.382%*% 3,15 5.00
dist = distance.in meters from north edge (horizontal
transect)
(12): regression equation: dep = ﬁo + ﬁl(ind) + ﬂz(ind)Z
* reject ﬁl = ﬂ2 = Q F (5%)
* % reject ﬂl = 52 =0 F (1%)

(d,,) & (4,5): regression equations determined excluding

data points

from 62-73

meters




parameters. ‘One reason for this decrease in correlation is the

o

pPresence of the discontinuity in data at 62 meters along the
transect.’ The magnitude of this discontinuity is greater for the
finer particle size ‘Parameters (figures 18a-20a). - Hence,'a
larger sprzad in the data results in a decreass in éorrelation
using equation 12. _.
Figure 56a reprasents the d;, distribution along the
horizontal transect ax a depth of 205 ecn. The solid 1ing
represents the regression fit using all of the data shown. The
dashed line reépresents the fit produced excluding the data points
from 62-73 meters. Improvements noted in the regression fit by
excluding the data fronm 62-73 m include a higher correlation
Coefficient, an iﬁcreased F wvalue (table 5), and alsc a better
normality plot (figures 561 & c). The fit produced excluding the

data from 62-73 m also better characte izes the 4

- waa

30

in the finer- grained.fractions from 25-52 meters.

| With exclusion of the outlying values from 62—73 m, it
apéears that the particle size distribution can be described
effectively using the previcusly mentioned quadratic egquation
(12). Eveﬁ though this analysis excludes 6 of the data values
along the ransect, the resulting regression fit represents 90
percent of the data. The nature of a regression analysis
makes . it difficult +o effectively describe outlying points.
Including the data from 62-73 nm drastically effects the resultant
Quadratic fit; This fit does a poor job déscribing the trend in

the dats.

Other particle size coefficients that exhibit slight
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Normality plot for figure 56a (d4,,, all data,

205cm depth).
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ccrrelation with distance 1nc’lude ccefficient of curvature and
ras=k skewness (table 3). Both exhibit a decrease in values
towards the center of the transect similar to the praviously

ize parameters. For the skewness paramete r,

o

(l
C

3
1]
(o]
O‘U
Y
[
rt
’ J
(@]
'—-l
(]
/1]

this states that samples obtéined in the central portion of the
transect are more heavily skewed towards the fines in comparigon
to samples obtained near both edges. |

Thers appears to be increased corrzlation with distance for
the moisture content data in comparison to the particie éizé

data. The ©plots of he porosity, 4,,, and §,, regression fits

'.J-

for the same samples at 205 cm are present in figure 57a. It is

evident <that the gresatest trend in the § data occurs in the
values at 1.5 bars. 2t 100 m, the 4§, plot crosses the 8.5
plot. This 1is caused by the regression egquations and is not an
actual occurrence in nature. The 4,. regrassion plot 1is very

- a2 =

similar in shape to the poresity regressiocn plot.

The regression fit to the porosity values is quite similar
to +the mean wvalue of the distributiocn. A low correlation
coefficient and F value make the significance of the porosity
regression f£it questicnable at best. The residual wvalues for
both n and 4, however, appear quite normally distributed

(figures 57b & c).

Of the 3 regression plots from figure 57a, the 8,5 plot

best describes the <trend in the data as noted by its high

correlation coefficient and F value. Figure. 58a represents the
distributicn of 4,, along the horizontal transect at a depth of

205 cm. The solid line represents the regression fit incorporat-
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ing all of the available data. The data from figure 58a exhibits

a sharp discontinuity at 62 meters similar to the discontinuity

observed in the particle size distribution. The dashed line in

figure 58a reprssents the regression analysis performed excluding

the data values from 62-73 metars (table 5). As was the case for

the particle size data, the regression analyses improved dramati-

cally for §,, with the exclusion of thesa values. The normality

pPlots 58b & c also echo this improved fit.

Cnce again, the regression equation is not able +to effec-
tively describe the cutlying values from 62-73 m. The 6 4
values from 62-73 meters have a dramatic effect on the reg:ession
fit. As was the case for the d;,  distribution, exclusion of

these values results in a substantially improved regression fit
P4 $nd =

to the remaining 90 percent of the 4, values.

The highest degree o

Hh

correlation with distance is present

in the conductivit distribution. This high degree of corrsla-
Y

tion, however, is not present at all depths. The regression

analyses from the upper X samples (28 & 41 cm) are not signifi-

cant due to the random nature of the tailings in the upper

50 cm. This can be seen in figure S%a. Observation of the

normality plot for this regression fit (figure 59b) is also

somewhat discouraging. On the oppcsite end.of the -scale, figure

60 exhibits the K distribution and regression fit for the depth

179 cm. The uniform trend in the data is quite evident at this

depth.

The K regression plots for the various depths are presented

in figure 61a. The regression fits for 28 and 41 cm were not
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significant. Hence, the best representation for the data in each
case is the sample mean. The mean values for.28 and 41 cm ares
plotted as horizontal lines in figure 61a. at depths greater
than 50 cm, the horizontal trends in the vafious K distributions
are all quite similar. 2an exception to this case is noted'at the
165 cm depth. The reason for +the discrepancy at 165 cm is due to
the result of sampling error which in turn is reflacted in the
data. Reasons for the sampling error were discussed in the
previous section on presantation of data. Aside from the 165 cnm
depth, the trends in X are noted +to decrease slightly with
depth. This decrease in X could be the result of ccmpacticen of
the matrix with increasing overburden. The "nermality plots for
the K regressions (figures 61b-61f) show that ﬁhe residual values
appear to be'normally distributed.

The best results using the regression analyses wers cbitained
for the hydraulic conductivity distribution. one reasén for ‘this
cquld be the rasult of the sample scale. Layering on the ordéf
of}l—z cm is common in the tailings. The X measursments were
takén over 13.3 cm as opposed to 3 cm for the particle size and ¢
measurements. This larger scale for the K measurement enables
many layers to be incorporated into the ceonductivity measure-
ment. This results in an averaged value across the 13.3 cn
sample length. For 6,5 and d,,, the measurements were more like
point measurements (3 cm) enabling the presence of discontinui-
ties to bé distinguished better. As was noted previously , the
Presence of large discontinuities in the data has>én adverse

effect on the regression analysis.
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1-D Vertical

It is noted that +¢rends in the data in the horizontal
direction can be characterized with varying degrees of suc-
cess. The next step 1s to determine if trends in the data
exist in the vertical directicn. This analysis was performed
using data from the 6 vertical transects.

To determine if trends in the tailing's hydraulic preoperties
exist vertically, each set of data (i.e. K, n, §, s, etc.) was
grouped together from the 6 transects. In this way, an overall
trend with depth throughout the entirs cross section could ke
determined. As.was notaed in the sample statistics section, the
mean values of the various vertical transects change acceording to
location for each parameter. Therefcre, the data was scaled
prior to analysis so that it could be compared throughout the
cross section. The following equaticn was used to scale the data
for each hydraulic parameter:
= scaled value
= individual value
Ky n, 6,,,.4,,, etc.
= sample number
= population x_ mean from

each vertical transact
= population x_ standard

deviaticn frém each
vertical transect

(13) zp = (%43 - 8y) /o

® e RN
|

Q

Results of the regression analyses with depth are listed in
table 6. Two equations were employved in these analyses in an
attempt to describe ~the trends with depth. The reéression
eguations included equation (12) and equation (14):

(14) dep = ﬂo + ﬁl(indep).



TABLE 6

Least squares regression statistics:

1-D Vertical

number mulc.
Variables of correl. F tabular
den indep samples coeff stat F(5%) F(1%)
scaled log KX  depth (12) 108 0.415 10.921%*%* 3.93 6.39
(0-430 cm) )
scaled log K depth (12) 103 0.365 7.704%% 3,394 6.93
(0-375 cm) .
scaled log X depth (12) 83 0.420 8.568%% 3.97 7.00
(50-375 cm)
scaled log K depth (14) 20 0.232 1.020 4.35 8.10
(0-50 cm) .
scaled n dept {14) 33 0.451 7.893%% 4,16 7.53
(0-375 cm)
scaled ¢, depth (14) 33 0.266 2.364 4.16 7.53
(0-375 cm) .
scaled d,, depth (14) 33 0.020 0.012 4.16 7.53
(0-375 cm)
n n

(14) : regression equation: dep = By * ﬁl(ind)

(12): " : dep = ﬁo + ﬂl(ind) + ﬁz(ind)2
* reject ﬂl = ﬂz =0 F (5%)

* % reject ﬂl = 52 = 0 F (1%)

The conductivity distribution is noted to decrease slightly
with depth as seen by figures 62a-64a. The differences between
these figures are +that the regressions were employed using
varying amounts of data. Figure 62a is a plot using all of the
available X data. The dashed line represents the quédratic fit

with the solid line representing the 1linear fit. Observation
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of table 6 shows that the best fit is given using thisi set of

data. EHowever, the K ?alues from '375f4501cm in this ploﬁ were.
all obtained from transact Vs. Thus, thése values .might ténd to
bias the data. Figure 63a shows that by removing the.déta from
375—450 cm a similar trend with depth is still observed. The

correlation is decrsased slightly, however, by removal of>these

data points (table 6).

The wupper 50 cm of the cross section were previously

described as being hydraulically altered by the processes of

- surface wash and partial cementation. It was discovered during

the horizontal trend analyses that K samples from 28 and 41 cn

depths do not mimic the trends Present--in K at greater depths.
For this reason, a trend analysis with depth was performed

excluding the data from 0-50 cm' (figure 64a). The correlation of

this analysis is found to increase over figure 63a. In all three

cases (figures 62a-64a), K is seen to decrease slightly with

depth with the quadratic fit being the preferable method of

characterization. The residual values from these regression

analyses all appear to follow a normal distribution (figures

62b-64b). The decresase in X with depth could be the result of

matrix compaction. As the result of compaction, reorientation of

particles and decreases in pors space can cause the K value of a

sample to decrease.

A linear regression analysis was performed on the K data

from the upper 50 cm (figure 65). The result of this analysis

wWas not significant (table 6) and hence, the mean value becomes

the best predictor in this case. : Lﬁ
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of ;ﬁe rnmalnlng dabarvdistributions for the cross section,
the only otho:3dlsoernlble'7trend~&ith depth was discovered for
the porosity disﬁriﬁﬁtion. Once again, all data was scaled. strg
‘equation le) prvor to analySLS. For n, a general decrease with
depth is notad in flgu*e 66a. Ccmpaction of +the ﬁatrik with
depth will also result in a decrease in porosity. The reSiduél
values from this linear regression appear normally aistributed
(figure 66b).

If compaction with depth has actually ocurred throughout the

cross section, it will not have as direct an effect on 6,5 as

it does on X and n. Compacticon will cause a reorientation of
grains which will tend to incresase the number of the finer pores
present within a sample. Hence, it is possible that compaction
could cause an increase in the fy s distribution with depth.
The regression fit +to the 6, data was not significant (table
6), and hence, the meén value is the best predictor (figure 67).

Thus, ¢ appears to remain constant with depth even though

1.5
porosity decreases.

The particle size distribution at 10% finer by weight was
also discovered to be constant with depth (figure 68). The
regression analysis for d,, with depth was not significant (table
6). Therefore, the mean valua of d,, is the best predictor. It
was foreseen that the overall trend in particle size should be
fairly constant with depth. The large fluctuations in the scaled

data of figure 63 are due to layering of par icle sizes in the

media.
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Figure 66b. Normality plot for figure 66a (scaled n, 0-373cm) .
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2=-D Cross Section

Trends in the data are found to exist in both the horizontal
and, to a lesser extént, the veftical directions. The following
section is included to determine if the various data distribu-
tions (X, n, 4,,, etc.) can be characterized in cross section
using 2 dimensional regression equations.

For each of the data distributions, the following regression

equation was used for each of the initial analyses

(15) dep = 5, + 5, (v) + 8,(x) + By (¥) (x) + B (y)? +

Bs(X)2 + B (X) (V) + f(¥) (%)%

The best equation for each data distribution was then formulated
using partial F-tests to determine the significant variables.

The following 2 equations wers eventually decided upon

(16) dep = 2, + f,(y) + By (x) + f,(x)?

(17) dep = gy + 8, (y) + f,(x) +
B5(x)2 + B, (¥) (%)

The equation employed on each data distribution is 1listed in
table 7. The coordinate pesition in cross section is given by x
and y, measured in meters. The origin of this coordinate systen

is at the surface along the northern edge of the cross section.

TABLE 7

Least sguares regression statistics:

2-D Crocss section

number mult. :
Variables of correl. F tabular
dep indep samples coeff stat F(5%) F(1%)
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log K position (18) 63 0.447 4.907*%*% 2,76 4.13
(0-50 cm) (x,y) ‘
log K position (1s8) 303 0.760 136.023%*% 2.60 3.78
(50-400 cm) (x,y)
“log K position (17) 3s8s 0.725 100.069*%* 2.37 3,32
(0-400 cm) (%,¥)
n . position (1s) 122 0.427 8.752%% 2.63 3.95
(0-400 cm) (x,v)
1.5 pOSitiOn‘(lé) 122 0.636 26.672%% 2,68 3.95
(0-400 cm) (x,v)
d10 position (16) 95 0.434 7.882%* 2.72 4.04
(0-400 cm) (x,y)
positicn = (x,y) coordinates in cress section in meters

(18): dep =g, + 4, (y) + By (X) + B, (x)3
(17): dep = ﬂo |

-

BL(Y) + By(x) +

By (X)2+ B, (v)(x)?
* reject ﬁl ﬁ4 F (5
* % reject ﬂl e 64 F (1

o0 o\

0 - )
0 )

It was discovered in both the horizontal and vertical 1-D

regressions that’the X values from the upper 50 cm do not reflect

the values from the rest of the cross secticn. Therefore, 3

Separate regression analyses for K were performed. The first

analysis incorporated K data to & depth of 50 cm, the second

used the wvalues from 50-400 cm, and the third analysis employed

all the X data from the entire cross section.

Results from the K regression analyses are listed in table

7. Regressicn equaticn (16) does a marginal job of describing

the trend in the X data from 0-50 cm as seen by its low correla-

tion coefficient and F value. The 2 dimensional regression

equation, however, does a better job of characterizinqz K in this

UPper zone than did either of +the regression equations in one



dimension. The plots of the XK regression fits from 0-30 cm and
50-400 cm for the cross section are shown in figure 6%a. Good
correlation is noted using equation (16) for the XK values at the
lower depth. A very marked difference is pPresent (figure 69a)-in
the trends from the urper and lower data distributioné. For both
analyses, the residual values appear to be normally distribﬁt$d
(figures 69b & c).

The plot of the X distribution for the entire crcss»segtiqn
using eguation (17) is exhibited in figure 70a. The results of
this analysis appear quite favorable (table 7). The residual
values rom . this analysis appear to be normally distributed
(figure 70b).

The regression plot incorporating all of +the data (figure
70a) gives the impression that X decreases greatly with depth.
Observation'of the lower plot (below 50 cm) in figure 69%a shows
that this is not the Ccase. The discrepancy between figures 69a
and 70a is due to the discontinuity in K values between the upper
(0-30 cm) and lower (below 50 cm) samples. |

The following regression equations were found %o best
describe the X distribution throughout the cross section:.

- (18) 0-50 cm K = -2.770 + 1.090(y) - 0.0508(x) +
0.000458(x)*2

=3.705 + 0.224(y) - 0.0741(x) +
0.000834 (x)?

(19) 50-400 cm K

=2.969 + 0.634(y) - 0.0693(x) +
0.000665(x)* ~ 0.0000617(y) (x)?2

(20) 0-400 cm X

Once again, the (x,y) coordinates are in meters.

Results from the 2 dimensional regression analyses for the
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Figure 69a. Contoured cross section of the 2-D regression
: fits to the log K data (0-50cm and 50-400cm).
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§ and d distributions were not as encouraging (table 7). Even
so, the regression anélyses for n, 4,5, and d,, were all

significant as seen by their F values. The plots of the regras-
sion fits are presented in figures 7la-73a. Separate'regressién
‘analyses for the “upper 50 cm wers not-performedidue to the
absence of data in this area. The greatest correlation améng
these analyses 1is present for the §,s data values. This high |
degree of correlation for 4, was previously noted in the 1-D

horizontal regression. The 2 dimensional regression equaiions
were found to better characterize both the porosity and d,,
distributions in comparison to the 1-D regression egquations
previously mentioned. The following regression egquations were

wsr and d,, distributions

found to Lest describe the n, #
throughout the crecss saction:
(21) 0-400 cm = n = 0.508 + 0.0219(y) + 0.00273(x) -
0.0000261(x)?

(22) 0-400 cm §,¢ = 0.197 + 0.0285(y) + 0.00772(x) -
0.0000848(x)?

(23) 0-400 cm d

11.326 - 0.776(y) - 0.428(x) +
0.00464 (x)?2

10

The residual values from the porosity regression ahalysis
appear to be normally distributed (figure 71b). Figures 72b and
73b show that the normality test for the 4,, and d,, distribu-
tions‘are questionable. The absence of straight line plots in
figures 72b and 73b discount the validity of the F-value tests.

The highest correlation values for the 2-D regression
analyses are present for the K distribution. Once agaiﬁ, this is

no doubt partially the result of sample scale.
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fit to the 4d,, data.
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Conclusions

Characterization information gained using regression
analyses is listed below.

- Regression analyses were able to describe trends in the data
which could not be accountad for using sample statistics.

— Regression analyses were able +o describe +the variability in
data beth horizontally and, in a general sense, vertically.

- Regression analyses led to development of equations to
describe each data distribution for the entire cross section.
These egquations give good general representations . of +the
tailings properties depending on lccation.

~- Using regression analyses, the magnitude of a trend could be
determined. The regression analysis output parametars and
nermality plot test the validity of the regression fit.

= The regression equations describe +he data distributions in
.Cross section in mors detail than works in the past such as
Mittal and Morgenstern (1976), and 1Isaacs and Hunt (1s81).
The Waldo Mill tailings impoundment is not simply made up of a
homogeneous slime zone restrained by a homogenecus sand
embankment. Mixing between these 2 'zones' is quite evident.

- Regression analyses uncovered the possikility of secondary
processes (compaction) occurring in the tailings. This is
noted in figures 63a, 65a, and 68 by the fact that the X and n
distributions decrease with depth while the d,, distribution
remains relatively constant.

The shortcomings of regrassiocn analyses are listed below.

~ Success of a regression analysis in this study was depen-
dent, in part, on sample scale. K measurements were taken
over 13.3 cm compare to 3 cm for 4,, and d,,. Thus, the K
values from the cross section were more of an 'averaged' value
in comparison and, as a result, were mors conducive to
regression analyses. -

~ Regression analyses are not able to describe +he magnitude
or location of discontinuities such as layering in an environ-
ment like tailings impoundments.

=~ Regression analyses are sensitive to exclusion cf data
values. This was noted in figures 56a, 58a, 69%a, and 70a.
Including the K values from the upper 50 cm greatly affected
the regressions' characterization of the K data below 50 cm in
figure 70a. .




GECSTATISTICAL ANALVSES

sas

The Waldo Mill;-impcundment is an extremely heterogeneous
envircnment in the hydrologic senss. We ~saw in the previous
section that discernible trends exist in eaéh of the data
distributions. Reéreééion equatiéns were used tol aid"in the
interpretation of these trends. These equations were able to
describe the data trends with varying degrees of success.

The next-question to .address is, ™"Now that the overall
trends have been remocved from the individual sample pcpulaticens,
does any structure remain?" The scope of this section 1is to
attempt to interpret any remaining structure in the individual
data distributions using varicgranms. If this analysis proves
successful, kriginéﬂrequations can be employed +to aid in the
prediction of sample values throughout the cross section.

Previous Work

A great deal of work has been done in the past in an attempt
to characterize the spatial variability of various soil proper-
ties. Autocorrelation functions ard variogram analyses have been
used extensively in the soil science field to uncover strucitures
in scil. vVarious authers have discovered the correlation length
for many soil pfoperties to be significant. For a Typic Torri-
fluvent soil, Gajem et.al. (1981) reported correlation lengths of
up to' 20 times the sample spacing for the soil properties 4,
f5» PH, EC, and bulk density. Byers and Stephens (1983)
discoverea that both d,, and K(sat) were cofrelated up to 1 meter
in the horizontal direction at a medium grained sand site. Russo

and Bresler (1981) found similar results for K(sat) along with
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porosity an; sorptivity for a Hamra Red: Mediterranean secil
(Rhodorexalf). Even more recently, Saddiq et. al. (1985) and Yen
et. al. (1986) teéﬁéd the correlation of soil-water tension alorg
separate agricultural plots. Both studies reported that ¢ values
were correlated.ué.to and beyond 6 meters. Thus, it is-eviéent
that many soil properties are not independent of surfounding
values. Interpreting the underlying structure of these proper-
ties is an important factor for understanding the system as . a
whole. |

To the author's knowledge, ‘no studies similar to those
mentioned above have been performed on mill tailings. The scope
of this secéion is to detsrmine if any spatial structure exists
for various tailings properties 1like permeability or moisture

content. The analysis performed in this section will employ

-

.

geostatistical technigues common in the study of soil spatial
variability. These analyses include construction of varicgrams
and the use of kriging equations.

Variogram analvsis

Theory

To aid in the interpretation of the structurs of a random
field, variograms can be constructed. For a random  field that
meets the requirements of an intrinsic random function of order

Zero, the following properties are true (Gutjahr, 1985):

(24) E(V(x)) = m

(25) (&) = E[(V(x*) - V(x))?]

m mean value of the sample pepulation
V(x) = experimental data value at point X
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V(x+{) = experimental data value at a point ¢ distance
from x o
£ = lag or separation distance (distance betweer

measurement points).

To determine the variogranm value (¢ at a given lag disténce;@
all pairs of data values ¢ distance apart in the random field

V(x) are ccmpared. This is done using the following eéuation

(Delhomme, 1878):

A N(g)
(26) 9 = _Zl[ (V(x;+8) = V(x;))] / 2N(g)
1=

where N(¢) is the number of data pairs separated by the lag

distance ¢. -

Variograms are always greater than or egual to zero
() 20) . In addition, variograms are symmetric abkout the
origin (v(&)=v(=¢)). The variogram value 4(¢) tends to increass
with increasing lag distances £. If the populaticn V(x) is
statistically homogenecus as well (1(§)=C(0)-C(£)), the vario-

gram q(§) will reach a sill value as ¢ increases. This sill

value is equal to the variance of the data field V(X) (Delhomme,

1578). The average distance over which points are significantly

correlated is termed the 'scale'. For the statistically homoge-

neous case, this distance 1is also termed the 'range' (Gutjahr,

1985) .

Variograms can take on many forms depending on the structure e

of the random field. For this study, exponential and pure nugget

effect variograms deminated. The first form represents a

variogram that follows the exponential function az[l-e-g/L]

(figure 74). This type of variogram originates at the origin
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(0,0) and increases with § becoming assymptotic to o2,

The second fo:m Of variogram common . to this study is the
pure nuégetW‘éffect varicgran (figure 75). With this type of
variogram, no Correlation exists between the data points and ()
is equal to the population variance. The lack of correlation'éanA
be due to measurement error in +the sampling process or simply
independence between experimental values. Thus, with a pure
nugget effect varicgran, knowing a data value at ocne roint yields
no additional information about the surrounding points.

Analvsis

Variograms . of the miii tailings hydraulic data wers con-
structed using +the Program VGRAM written by Allan Gutjahr
(appendix K). From fhe Cross section, the detrended data
distributions of log KX, n, Qg, and db were analyzed. Three
individual variograns were produced for each data set,. First, a
variogram was constructed assuming the distributién to be
homogeneous in Cross section. This was followed by the formula-
tion of anisotropic variograms in +the horizontal ang vertical
directions.

The poorest correlation was noted ip the conductivity
distribution (figure 76). The solid 1line in figure 76 repre-
Sents the homogeneous variogram while the dashed lines represent
the horlzontal and vertical ‘'variograms. All 3 variograms
represent pure nugget effect. Therefore, by previously removing'
the trend using the Tegression model, all of the structure from
the log K system was removed. It is noted in flgure 76 that a

greater variance in values is present in the vertical direction.
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This is due to intense vertical layering in the tailings.

Variograms were also constructed for log X exclusively using

values from the upper 50 cm and values from below " 50 em. This

was done similaq to the 1log K regression ~analyses. These

variograms are presented in appendix I. Both of these vario-

grams exhibited pure nugget effect similar to 'that in figure

76. Log K values from the upper 50 cm have a higher variance

than the lower samples.

A large amount of nugget effect is also present in the
variogram of the poreosity distribution (figure 77). Only a

slight degree of correlation is noted. As was the case for log

K, the porcsity distribution exhibits greater variance in the

vertical direction.

In comparison, significant correlation is present in the

9,5 distribution (figure 78). This variocgranm
nugget effect. Once again, the variability is
vertical direction. However, a minor degree

exists vertically due to the fact that the vertical varicgram is
at all times less than the overall population variance. The
homcgenecus case varicgram (solid line) does not intersect the
variance value until-a lag distance of approximately 16 meters .
In addition, it appears that a degree of correlation continues at
lag distances greater than 16 meters.

The variograms for the d;, distribution are similar to those
©of the porosity distribution (figure 79). Increased variabil-

ity in 4, vertically is quite evident. Futhermore, d4,, appears

to be slightly correlated in the horizontal direction. A pure
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nugget effect variogram is noted for the 2-D homogeneous case.

L short lag distances for the homogeneous variogram, ¢ values
are greatly affected by the vertical component.

Fitting variogranm models

‘Before a variogram can be wused in a kriging equation, a

model must be - fit +to the experimental variogram. For this

Process, various equations can be used. Some of these ecuations

include linear, logarithmic, exponential, and spherical, to name

a few. For an in-depth discussion on these theoretical models,

refer to Delhomme (1978).

For this study, the variogram of f,s was chosen because it

was the only wvariable that exhibited significant correlation.

The 4,; variogram was found to closest resemble that of an

exponential function. The equation for the expeonential fit is as

follows:

(27)  %(© = B[1 - exp(-[¢]/a)]

Using equation 27 and the experimental variogram, the constants A

and B can be determined. B is equal to the +(¢) value where the

experimental variogram reaches a sill. For the statistically

homecgeneous case, B is equal to the populaticn. variance,

Var[V(x)]. The A value (scale) is equal to the lag distance at

which 1 e-fold drop occurs. The A value is considerad the

average distance over which points are significantly correlated

(Gutjahr, 1935). Figure 80 is an example of an exponential fit

to a variogram.

To compare the effects that differing varicgram fits have on
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the kriging equations, 2 separate exponential mcdels wers fit

19}

to the 4, variogram (figure 81l). The first fit (model 1),

d line, assumes the sill value, B, to

I

represented by the bold scl
be egual +to the variance 0.0115. With this assumption, the a
value is calculated to be 4.3 m. However, the corrslation.
appears to exist at 1(¢) values greater thaﬁ 0.0115. For model
2, the sill value is set equal to 0.0157. Hence, ‘the A value
becomes 9.3 m. Model 2 interprets the scale value of the 8, 5
variogram to be over twice +he length of mcdel 1. Fitting
variogram models by eye 1is a very subjective process and thus,
neither model for the f,s distribution is necessarily correct.

It was noted in figure 78 that anisotropy exists between
the horizonta; and vertical variograms for §,,. However, the
exponential models above were fit to the 2-D, homogeneous
variograms (solid line). The homogeneous case was employed
because the kriging program used in the next sectien is not able
to account for anisotrepic conditions.

Kriging analysis

The next step is to apply the information gained in the
variogram analysis o kriging eguations. Given known data values
in a random field, and information about the structure of this
field (variogram), one should be able to describe values at
non-observed locations with some certainty.

Theory

In kfiging, a prediction at a location Xy <can be made using

the linear estimator

n
28) V(x.) = A V().
( ) ("‘0 igl 1 1
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The A; values in this equation are weights. The values are

solved for eguation 28 such that the prediction V(x,) is unbiased

(29) E(v(x,)] = 29,

and the mean squared error of the predicted minus actual value is

minimum (Gutjahr, 1985)
A
(30) MSE = E([V-V(x,)1).

The kriging equations are derived from +the MSE equation (30)
above. These equations can be basad upon either covariance
functions (statistically homogeneous case) or variograms (intrin-
sic random function of order 0). From this, ﬁhgdfplldwing
equations are developed (Gutjahr, 1985)

n
(31) X qu(gi—gﬁ) +u = 9(x.-x.) , i=1, 2, cees T

n
(32) Y A, =1
j=1’

n
(33) Ukl’- = :12—:537(}_{3-50) + u

Ai = kriging weights
7(§i-§ﬁ) = variogram function separated by a lag of (gi-g.)
u. = Lagrange multiplier
ot = riging variance
X, = prediction location.

These equations can be solved in matrix form from n+l equations

in n+l1 unknowns. Thus, a set of weights are produced for

every prediction location X5+ These values are then used in the

linear estimation equation (28) to determine the V(>_<o) value.
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For a thorough derivation of kriging equations, refer to Delhomme

(1973).

One property of kriging estimates is that V(x) 1is an

R o .
exact interpolator. By this it is meant that V(50)=V(§O) at a

known observation point. The kriging weights Ai and u depend on

the variogram and.sample locations but not on the actual data

values involved. Thus, the weights are dependent on the struc-

ture and not on the observation points. The mean value of the

sample population (m) is not needed +o estimate V(x). Knowing

the population mean, however, will reduce the kriging variance.

The kriging variance (%;) gives a measure of the reliability of
a prediction at a given locaticn. %J depends only on A, u, and
the variogram function (Gutjahr, 1985).

Analvsis

Kriging analyses wera performed on the Qg detrended data

distribution wusing the variogram mcdels previously discussed..

The kriging equations were solved using the program XRIG written
by Allan Gutjahr. The computer code is listed in'appendix M.
The 122 known f,s values were used in the brogram to predict an

additional 508 points throughout the cross section. From the

northern edge of the cross section, the first 4 prediction

locations were spaced horizontally 1.25 meters apart. t a

distance 3.75 m from the northern edge, the remaining prediction

locations in the horizental direction were equally spaced at 1.52

meters. In the vertical dirsction, the prediction locations were

Spaced 0.5 meters apart throughout the entire cross section. The

Teason for the difference in the spacing horizontally was due to
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the difference in the original sample spacing from 0-3.75 m and
3.75-104.07 m.

Kriging analyses wers performe using both of the variogram
models from ﬁhe pravious section. Figures 82 and 83 are the
2-D contour plots of the 4, kriged distribution. Tt is4eviden£
from the .2. figures that no significant change in the 8,5
distribution is predicted depending on the variogram. Simple
calculations were made to determine the net change in ¢, values

at the prediction loccations. The difference equation is as

follows

(34) ]Z(xii)-Z(xzi)] / n , i=1, 2, ... n

Z(xli) = kriged prediction at location i using
variogram model 1 (A=4.3, B=0.0115)

Z(XZi) = Kkriged prediction at location i using
variogram model 2 (A=9.3, B=0.0157)
n = nunber of kriged prediction locations.

Using equation (34), the net change in 6,5 values was'equal to
0;010 for the 508 kriged values. This relates to a 1% change in
the velumetric moisture content. |

The remaining detrended data distributions from the cross
section (log K, n, 4,,) all exhibited pure nugget effect vario-
grams. Therefore, nothing would be gained using kriging equa-
tions on this data due to the lack of correlation between sample
points.

Kriging variance -

A kriging standard deviation value (ak) was determined at
each prediction location along with the estimated value. This is

4@ measure of how precise the kriging estimate is at a given
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location. Thé kriging standard ~deviation is equal to 0 at a
sample location and will increase as“ the distance between a
prediction point and experimental value increases. Figures 84
and 85 are the 2-D céntour'plots of the kriging standard devié-
tion distributicns for the 2 kriged estimates of Qj:(figures

82 and 83). Lower 2 values are ncted -in-figure 85 due to_thg
longer correlation 1length (scale) interpreted for variogram
model 2. Eguation (34) was also used to calculate the average
difference in kriging standard deviations for the two variogram
models. The value determined is ecual to 0.0117. The difference
in 0 Petween the 2 figures is especially evident near the
bottom edge of the cross section. Here, the standard deviation

decreases by as much as 0.0150.

Validation

.

Even after the variogram model has been fit and the kriging
analysis employed, kriging tests must be performed to ensure the .
validity of +the adopted structural parameters (Delhoﬁme, 1978).
Validation is a process +that enables one to determine how
accurately the kriged mocdel fits the data. The validation
process for this analysis was performed using the program VALID
written by Allan Gutjahr (appendix N). In principai, it is a
succession of kriging runs that delete a known value each time
and use the remaining data to predict the value at the deleted
location. This is done for  each data point. The estimated
Versus the actual value are then compared.along with the kriging
standard . deviation at each sample location. From tﬁis, a

constant referred to as the normalized difference is determined
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Figure 84. Contoured cross section of the kriging standard
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by the following egquation where i denctes +the . deletad point and
Y T jo)

Vo(gi) is the kriged value based on the other data.

(35) Ny = [V (2)-V(x)] / oy

A mean value of ;hérdifferences Z[%O(gi)—V(gi)] and Ni2 are then.
summed over the entire population. Mean values near 0 and
average sguared ﬁormalized difference values (Z(Niz)) near 1 are
ideal. Z(Niz) values up to 2.5 are considered quite good.
Validation tests were performed on both of the kriged
estimates of b 5- High nermalized difference values resulted

for both analyses.

Variocram model 1 Variogram model 2
2 (N2 ' 3.2595 . : 5.0384
Meann of difference -0.0002 -0.0005

The high Z(Niz)'values would indicate that there ars problems
with- the 'variogram and kriging models used. However, after
observing the input data, it was discovered that 2 of the 122
points produced very high normalized difference va;ues.' The 4

values in question are located at *the points A:(?é.ls,-Z.OS) and
B:(72.20,-2.11) in <cross section. At these locaticns, the 85

values are equal to 0.051 and 0.211 respectively. This is quite
a large difference in 4 values over such a short disténce and is
no doubt due to layering in this area. Because points A and B
are relatively close, deletion of pcint'A during tﬁe validation
pProcess will result in the predicted value at‘point A to be near
the actual  value given at point B and vice versa. ihus, large

differences between the actual and predicted values result at
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both locations.-
To determine the extent that points A ang B exerted on N,

the two points wers delstag from. the data. Validation was then

" performed on the reduced data set (120 pts). dutput from the

analysis is listed below.

Variogram model 1 Variogram model 2
Z(Niﬂ 2.3355 3.5713
Mean of diffesrence -0.0001 -0.0004

Deletion of only 2 of the data points results in a substantial

reduction of Z(Niz) for Dboth cases. The Z(Niz)'values for

the smaller data sat appear quite reasonable. Thus, the vario-

gram and kriging models employed aprear to provide reasonable

estimations of the 4, s distribution.

It is noted for both data sets (120 & 122 pts) that the

normalized difference values are less when variogram model 1

is employed. In, the case of variogram model 2, the longer

correlation length results in lower 0. values but does not appear

to significantly improve the accuracy of the kriged estimates.
Therefore, according to the normalized difference eguation (33),

a decrease in the denominator with little or no change in the

numerator will result in a higher normalized difference value.
g

Conclusions

= Each of the data distributions were discovered to be anisotro-
Pic as noted by their variograms. Greater variability exists
in the vertical direction for each parameter.  This is
especially true for the parameters d,, and log K.

~ Of the detrended data wvalues, only 4, presents significant
correlation. Thus, 4, is the only variable from the cross
section where additional informaticn can be gained using
variogram and kriging analyses.




The porosity data lacked any significant underlyving structurse
that could be characterized. A portion of the variability
noted in the porosity data might have been the rssult of
measurenent error due to the method used o  determine poros-—
ity. Whether saturated conditions ars obtained within a soil
sample is always a matter of debata. . -

d;, is noted to exhibit slight corrslation in the horizontal
direction. - A greater degrse of correlation horizecntally was
envisioned prior to the variogram analysis. Variability of
d;, in the 'transition zones' no doubt reduced the correlaticn
horizontally. Extreme variability is noted vertically which
is due to fine layering of coarse and fine grained tails.

No additional information could ke gained about the detrenced
conductivity distribution due to its 1lack of structure
throughout the cross section.

One possible reason for the lack of structure in the detrended
log K data could be due to sample scale. One of the reasons
why the log K regression analysis was so successful is that
the K values were averaged over a larger scale than the other
parameters. This resulted in a more gradual trend to the lcg
K data. Once.this trend was removed, no structure remained.
The ¢ and 4 measurements were more like point measurements and
thus, could better describe areas of discontinuity.

Using different exponential variogram models in the kriging
eguations had 1little effect on the kriged estimates of 8y s
(average change in 4, = 0.010).

A reduction in o, was noted for the variogram model with the
longer correlatidn length (model 2). However, more favorable
results were obtained wusing varicgram model 1. during the
validation process. In either «case, the results obtained
using either model were not substantially different. S

Attention must be paid to the original sample values and
locations when using predictive models such as Xriging ‘in such
a heterogeneous environment. This was especiall evident in
the kriging validation process where 2 values had gquite a
large effect on the final Z(Niz) value.

The kriging analysis experiences difficulties when describing
the variability in finely 1layered areas. This was noted in
the validation process. However, as 1long as a degree of
correlation exists, kriging enables improved characterization
cf wvariability in comparison +to the previously discussed
methods.
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V) SUMMARY

The ’folloWing section éontains thémconciuding remarks of
this study. General 'conclusions wers ‘dxawﬁm not only on tﬁe
validity of the statistical and ééoéﬁatisticai methods, but also
on the effeétiveness df the data generation techniques; ' Fcf a
thorough discussion of the conclusions drawn from each character-

ization analysis, refer back to the concluding remarks at the end

of each analysis section.

General conclusions drawn from the mill tailings characteri-

zation study are listed below.

.= Prior to sampling a field site, as much information as
possible should be obtained ~about the methods of deposition.
With information on the depositional history, the structure of
the impoundment can be hypothesized. = This process will allow
for more effective pPositicning of sample sites.

- The use of galvanized shelby tubes ocbtained with the aid of a
.- .drilling rig was the most satisfactory method for sampling in
such a corresive, heterogeneous environment. A feasible, .
'non-destructive! method for obtaining undisturbed samples in

tailings slimes has yet to be develocped.

—~ Problems were encountersd when attempting to determine in situ
¢ using the model 503 neutron probe from Campbell Pacific
‘Nuclear. The metering device reports an averaged 4§ value over
-2 sphere approximately 30 cm in diameter. The thickness of
the tailings layers are commonly on the order of 1 cm. The
moisture meter does not operate accurately at field conditions
of 420.35. In situ § values greater then 0.35 are common in
the slimes. The presence of the elements Fe, Ti, Ca, and cd
'in the tailings will adversely effect the attenuation of.

neutrons resulting in incorrect moisture readings. The
magnitude of this effect as it relates to this study is not
known.

= All of the laboratory procedures employed in this study worked
well. One recommendation is to reverse the direction of flow
in the shelby tube permeameter from vertically downward to
vertically upward. This would assure that saturated condi-
tions could be better cbtained. :
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Areas of layering or similar disceontinuity in the tailings can
be detected quite well by compariscn  of sample uniformity
coefficients. . High UC values were common in areas where

layering between coarse and fine grained tails predominatad.

Describing the wvariability in the pore size distributicn
between samples using only a single pressure value (68/¢%) can
be best done between the pressure range 0.5 and 1.5 bars. The
fluctuation in 4 values between fine and coarse grained
tailings samples is the greatest within this pressure range.

The use of a single set of data values (X, n, 4/, dp
etc.) to characterize the hydraulic properties of the entire
cross section is not an acdvantageous method of charactsriza-
ticn. The amount of variability in the hydraulic parametsrs
at the Waldo site no doubt excesded what was characterized by
this study. However, this study shows that the use of a
single, averaged set of data values is not representative. If
it is only possible to collect a minor amount of data for a
field site (financial or time constraints, etc.), data should
be collected in the most permeable tails (sands near the
emitters) and also in the least permeable.. tails (slimes).
‘With this data, at least a best case/worst case analysis can
be performed, which would .allow for the range 1in seepage
pradictions to be established.

The tailings from the upper 50 cm were not representative of
the impoundment as a whole. Secondary processes such as
oxidation and .partial cementation have occcurred throughout
this wupper zone altering the tailings composition. This
points out the necessity “of obtaining data from a site both
horizontally and vertically.

The calculation of sample statistics was helpfu as it
provided information on the areas where the greatest variabil-
ity in data occurs. The mean values of the various hydraulic
properties calculated from the vertical borehole transects

~also provided general information on the change in data values

horizontally through the cross section. Unfortunately, this
tyre of analysis neglects to interpret any structure that may
be present in the variability.

Trends in the data which could not be described by the sample
statistics were effectively characterized using regressicn
analyses. This method worked well for each data distributicn
“but especially for hydraulic conductivity. Characterizing the
variability using regression analyses is somewhat similar to
the model employed by Kealy (1971, figure 7). However, Kealy
only 'described 3 zones of variability with each zone being
homeogeneous. The regression equations allow a data value to
be calculated at any point in +the cross section. The main
disadvantage of this type of analysis is that it is unable to
describe the 1location or magnitude of discontinuities in the



data. Even . so,. this method appears gquite reasonable in the
general sense and is definitely an " ilmprovement over using a
single " set of data  values " to: descrike the entire cress
section.. ~.. .. = I '

- The geostatistical analyses employing both variogram and
kriging equations: is the mos= advantageous characterization
method. . It is not only an exact interpolator, but also places
& measure of significance on the predictions. For this tvpe
of analysis to be effective, a degree of structure must remain
in the detrended data distribution. This was only the case
for the 4,, data. The tailings pile is a very heterogeneous
environment which for mos+ hydraulic parameters lacks correla-
tion structure. This method experienced difficulty when
attempting to describe discontinuities in 8, on a fine
scale, but this is not surprising in such a heterogeneous
environment. The benefit of employing gecstatistical analy-
ses, however, is that, if structure exists, the variability
can be characterized to a greater extent then was possible
using the previous methods. '

Characteriéing the spatial variability in. an extremely
heterogeneous environment such as a tailings impoundment is a
very time consuming process. If the final goal of a proﬁect‘is
to incorporate the variability into a numerical model, realistic
limits (financially, etc.) must be set on the degree of vafiabil-
ity +that should be incorporated. The amount of variability
Present in a field site is always going tc be greatar than the

degree to which it can ke characterized. Finer sample spacing

v

for increased characterization is always a possibility. However,

discretizing a numerical model grid into finer and finer elements
to incorporate a greater amount of spatial variability can be a
very costly proposition in the long run.

The degree of characterization done for this study appears
to be quite adequate. The .sampling spacing was fine enough

to ensure that the 2-D regression equations produced were

reliable. The sample spacing employed was also able "to distin-




guish that the correlation length for each of the variables
(except 4,;) was at least less £h55'1.52 m, if corrslated at
all. Using a correlation structure lgss than 1.52 nm in a
computer model grid éver a crosé section 104.07 x 4.00 meters
would require an immense amounﬁ éfrcompuﬁer,time during'séepage
computations. .Thus, decresasing the ;ample spacing to incorpcrate
a greater degree of spatial variability would niot have been
practical.

Therefore, in the general sense of the overall study (this
and Xen Harris! research), +the most advanﬁageous methed for
characterizing_fhe variability in the tailings hydraulic proper-
tigs was the use of regression analyses. Due to the lack of
structure in each of the hydraulic parameters (except 8,¢), the
geostatistical analyses of variogram and kriging were unable to

provide additional characterization information.



VI) RECOMMENDATIONS FOR FUTURE WORK

‘This statistiéaiiuand‘geostaiistical analysis was performed
in an attempt to characterize the spatial variapility_ of hydrau-
lic procperties iniﬁill rtailingé. One of the main purposes: of
this characterization Precess was to develop accurate estimates
of the hydraulic properties throughout the cross éection to-
supplement the known data. Once again, this study was performed
concurrently with similar resea>ch by Xen Harris. Harris'
research should shed ligﬁt on the sensitiviéy of a seepage
prediction to incrsasegd variability within the input variables
(hydraulic property data). In :addition, information should be

characterization necessary for accurate

Hy

gained on the degree o
seepage predictions. For results of his study, the reader is
referred to the Hydrecleogy Independent Study by Ken Harris.

Pertinent analyses beyond the scope of this and Ken Harris!

study could include:

- analyses similar to Harrig! using a different numerical code.
This would concentrate not only on the sensitivity of Seepage
predictions to the input data, but also on the sensitivity
of the prediction to the model chosen. In addition, the
sensitivity of the model chosen could be tested by performing
conditional simulations with the input data. :

T, Separation of the cross section into zones (sand, transition,.
- and slime) prior to characterization using the geostatistical -
methods employed in this analysis. It is possible that
improved characterization within an individual zone will occur
due to a decresase in variability within that zone in compari-
son to the entire cross section.

- addressing the presence of anisotropy in hydraulic conductiv-
ity. It is possible that anisotropy is partially dependent on
@ sample's location in cross section. :
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Predictive Ecquations

Wbﬁe to< ﬁﬁe heterogeneous nature of the Waldo impoundment,
& great deal of data was needed for accurata characterization of
the téilinés hydraulic prope:tiesf;lGenerating accurate values
for parameters such as hydraulic conductivity and 4/¢ ralation-
ships was a very time consuming process. Both hydraulic conduc-
ti&ity and §/¢ relationships are necessary input vériables for
numerical models that predict seepage. It would ke bengficial if
accurate predictions of K(sat) and other variables could be made
using other more easily measured sample parameters such as
particle size.

As an introductory step to such an analysis, correlation

coefficients were determined between each data distribution

(table 8). The best correlation for each dependent variable as
it relates to both particle size and pore distribution is

represented by the underlined value. In all cases but one, the
best correlation with each dependent variable is noted for 8,5
and d;,. The most significant correlation is present between the
intermediate pore size distribution 8, and particle size.
Marginal results are noted between log X and the other para-
meters.,

Next, multiple regression analyses were emploved on the data
distributiocns. The Dbest predictive equation for each data
distribution was formulated using partial F-tests to determine
the significant independent variables (table 9). .Three equa-
ticns were developed for eéch distribution excluding porosity.

For each distribution, the first equation relates solely to
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TABLE-8

Correlation coefficients between the various da+ta distributions#

-
Variables # of correlating Correlation
Dependent Independent points coefficient (p)
log K n 60 -0.333
" 8, N . -0.654
" s " -0.580
! o 5 0.510
da .536
18
; o ) S
" a, " ‘ 0.532
1t dg.; 1" 0 . 65’3
" GI " 0.642
noo uc - n ~-0.262
B ccC " 0.347
n SCRT " -0.336
n SKEW " 0.453
n 8, ¢ 638 - 0.604
" 6, 67 0.555
L d,, 61 -0.414
" dﬁ It -0.443
m g, " -0.513
" d. n -0.547
" a. " - T0.538
" g " . -0.530
" Gﬁ n ' -0.486
" uc " -0.035
n cc " -0.400
L SORT n 0.093
" SKXEW " -=0.008
8, 6, 67 0.855
" d10 61 -0.650
" d16 " -0.730
n d30 " -0.789
" 4. " -0.813
1 d°° . _ " -0.8256 =5
" a’ " -0.858
L ‘ GM | " -0.814
" uc n ' 0.128
" cc " -0.511
" SORT g 0:319

-0.258 i



2 W oo o
" . " -0.730
s d,, R " -0.751
" dy - - M -0.761
om - 4, V " -0.774
" it " ~0.730
" uc n L 02078
] cc n -0.505
1 SORT 1 0.2564
" SKEW " -0.154

* all data derived from 205cm depth

particle size, the second was derived using moisture content
data, and the third by employing a combination of both. Results
from the regression analyses for grediction offlog K (egquation
38), 4,5 (eguation .42), and §,; (equation 45) are positive.

This was the extant of ressarch done on the predictive
equation for this analysis. The goal \of “this section was to
determine if predictive equations could be developed for such a
heterogeneous environment. Results appear favorable for the
prediction of both X and § values. Future work related to the

analysis discussed above could involve:

- compariscn of the eguations (36-45) to the work done by Bates
and Wayment (1967). Determine if the predictive equation for
K develcped by Bates and Wayment is applicable to the wWaldo
impoundment. Also, determine if the predictive equations
developed from the Walde tailings can be used on similar
tailings sites.

=~ analysis to determine if entire soil moisture characteristics
(6/Y curves) .can be predictad accurately by solely using

-

tailings grain-size data.

= employing regression and kriging analyses on the predicted
data distributions to determine +the magnitude of change in
compariscn to the original data set. Also, the differences in
seepage predictions depending on the data set used (actual
Vs. predicted) could be determined with the use of a conducive
numerical model. A study similar +o this would once again
Check the sensitivity of a seepage prediction as it relates to

the input data.
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- TABLE 9

Final predictive equations using multinle regression*

To Predict log K

(36) log K = -6.113 - (0.0318%d,,) + (0.02734,,)

(37) log X

-3.914 - (4.708%3, )

(38) log K = -4.668 - (0.0298%d,,) + (0.0204%d,,)
- (3.6006,)

To Predict Porosityv

(3%) n = 0.539 - (0.000223%d,) - (0.00205%d,,)
+ (0.000772%GM)

To Predict 4,

(40) 4, = 0.393 - (0.00151%4d,,)

(41) 8,3 ='-0.460 + (1.336%n)

(42) 4,5 = -0.00542 + (0.719%n) = (0.00124%d,,)
To Predict 4.,

(43) 65 = 0.208 - (0.000805%d,,)

(44) 6, = 0.00490 + (0.522%5 ()

(43) 65 = 0.0405 + (0.427%,) - (0.000159+d,,)

* all data derived from 205cm depth

All of the equations listed above- reject the hypcothesis:
= 0, F(1%), n = number of independent
variables

ﬁl = ﬁ2 T = ﬁn

multiple corral
is

coaffic

0.738

0.858

0.609

0.89%94

0.774
0.855

0.859
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APPENDIX A

Laboratory procedure: shelbyv tiube permeametar

The shelby tube permeamester uses Darcy's law [Q=X(dh/cl)A]
to determine saturated hydraulic conductivity (figurse Al). The
apparatus that was used enables 12 shelby tubes to be tested

simultaneocusly.

ot

Three manometer tubes were installed into eachvshelby tube
sample. The distance éeparating these mancmetars equalea 13.3
cm. These tubes, aleng with the constant head scurce, enabled 4
distinct conductivity readings to be made along each sample. The

manometers remained closed (using a Eeffman tubing clamp) during

carbon dicxide flooding and initial wet-up.

(20

H

Prior to wetting, 20 pore volumes of carbon dioxide (C0,)
were forced through each sample. CO, is readily soluble in water
and thus, reduces the cccurrence of entrapped air during wet-
ting. The field moisture contents in many of the fine-grained
'slimes' were close to saturation. Thus, the air phase in such a
sample was discontinuous and CO, flcoding was of nc use.

Next, the samples were allowed to wet up slowly using
distille water. Distilled water was chesen because its
chemical composition is similar +o the rainwater that falls on
the impoundment. The constant head source was then raised until
all the shelby-tubes exhibited recordable outflow (at least 1
ml/hour). At this +time, the manometers were cpened, allowing

them to interact with the sample.

Permeability readings weras then taken daily for up to ¢




constant head resevoir

Av4

shelby tube _—‘\

volumetric flask

Figure Al.

2

Y\

manometer tubes

T

Diagram of the shelby tube permeameter.
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days. All the samples wers found to reach an eguilibrium value

within this time period. "It is quite probable that cenductivity

measurements for a particular location will fluctuats over time

(figurs A2). Fluctuations in X can be caused by bacterial
growth, dissolutien of entrapped air, piping, sealing of;cracks,
and redistributicn of fines, to name a few. To be éonsistent,
the last recorded qonduétivity measurement at each location is
considered the representative X for that particular area.

The conductivity wvalues were calculated using the BASIC
program MANOMET (appendix B). Table Al is an example of the
program's output. All conductivity values wera calibrated to

20°C.
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Table Al
SHELBY TUBE PERMEAMETEIR PAGE NO. 1
TUSE NO. 4
TRANSZCT BEARING: N 6 # POSITION: 50.52 m from northern edge
SAMPLE DEPTH (cm): 7.8 TUBE DEPTH (cm): 152

EE AR AL A SR E AL A AL AR LSRR Xa R 2 R 5 2 E BT RIRRIR R R S G ey

UNITS: Q=cc/sec g=cn/sec EZAD=cn DH=cn DL=cm vol=cc K=cm/sec
******************i***i*******i**********i****************************Q*i**

DATE TIME TE¥P MANCMETEIR HEAD DH DL FLOW DATA X at 20C
9/2 2130 22 resevoir 207.5 : secs= 780

165 c=: 188.7 18.83 13.2 wvol= 5.50 1.053E-04

DEPTH BELOW SURFACE{ 179 ca 143.5 45.2 13.3 Q= 7.18E=-03 4.424E-0S

- 182 cnm 88.4 55.1. 13. g= 1.572-04 3.630E-05

DATE - TIME TZMP MANCMEZTES: {EAD DH DL FLOW DATA K at 20C
8/3 2130 21 r2sevoir 207.5 - secs=. 600

165 cm 194.0 13.5 13.2 wveol= 4.20 1.463E-04

DEPTH BELOW SURFACIZ{ 179 ¢n 151.7 42.3 13.3 Q= 7.00E-03 4.721E-05

182 o 100.4 51.3 13.3 g= 1.34E-04 3.893E-05

DATE TIME TEMP MANCMEITER HEAD DH " DL FIOW DATA X at 20C
9/4 1400 22 resevoir 207.5 secs= 540

185 ca 188.3 19.2 13.2 vol= 3.80 9.578E-05

DEPTH BELOW SURFACE{ 179 c=z 135.7 52.6 13.3 Q= 6.67E-03 3.530E-05

182 cnm .85.8 49.9 13.3 g= 1.46E-04 3.721E-QS

DATE TIME TZMP MANQMETER HEAD DH DL FILOW DATA - R at 20C
9/5 1700 21 resevoir 207.5 secs= €00

. 165 cn 191.3 16.2 13.2 wveol= 4.20 1.221E-04

DEPTH BELOW SURFACZI( 179 cm 146.6 44.7 13,3 Q= 7.00E-03 4.468E-05

182 e 25.0 50.8 13.3 g= 1.54E-04 3.%47E-053

DATE TIME TEM? MANCMETEIR HEAD DH DL FICOW DATA K at 20C
9/6 1620 20 resevoir 207.3 secs= 660

165 cn 1987.5 10.0 13.2 vol= 6.00 2.632E-04

DEPTH BELOW SURFACEZ{ 179 c= 150.0 47.5 13.3 Q= 9.0%E-~03 5.595E-05

182 ca 92.0 58.0 13.3 g= 1.9%9E-04 4.582E-0S

DATE TIME ~TEMP “MANOMETEIR ‘HEAD-" " DH -~ DL FLOW DATA R at 20C
9/7 1400 21 resevoir 207.5 secs= 600

165 cm 126.8 10.7 13.2 vol= 5.50 2.420E-04

DEPTH BELOW SURFACE({ 179 cm " 157.8 39.0 13.3 Q= 9.17E-03 6.706E~-0S

192 cﬁ 101.5 56.3 13.3 g= 2.01E-04 4.645t-05




APPENDIX B

Computer code for vprogram: MANOMET

10 CLs
20 DIM KA(100),R1(100),R2(180),R3(100),DH1(100),DH2(100),DH3(100},Q(300),LQ(100}

,TP(100) ,T1$(100),T(100),H(100),V(200),X1({1C0),D$(100),DY¥(100),TH(100),8D(100},X
2(100},X3(100),C(35)} :

25 FOR W=3 TO 30:READ C(W):NEXT W

27 DATA 1.519,1.472,1.428,1.286,1.346,1.307,1.271,1.235,1.202,1.16667,1.13673,1.
10679,1.07884,1.05090,1.02495,1,.97595,.95239, .93064,.50528, .58862,.86376,.34950
,-83104,.81317,.795931

30 KEY OFF .

40 INPUT"INTER TRANSECT NUMSIRY;TNS

45 INPUT“ENTER TUBE NUMBER";TS$

50 INPUT"ENTER DEPTH OF SAMPLI FROM TOP OF SHEIBY TUBE";D

§5 PN=1
60 INPUT"ENTER DISTANCE FRCM ZIDGE OF PILI (10N'FOR 10 METERS FRCM NORTH EDGZ)":D
$ .

62 INPUT"ENTER BEARING";ERS
65 INPUT“ENTER TUBE DEPTH";TD

67 D3=61-D+TD-13.33:DL3=13,23

69 D2=D3~-13.34:0L2=13.33

71 D1=D02-13.33:DL1=21-D

73 S$=RIGHTS(DS, 1) :J$=LIFT$ (DS, LEN(DS) -1}

75 IF S$=uN" THEN PS&JS+" 3 FRCM NORTH EGDE"

77 IF $S=“W"® THEN P$=JS+" = TROM WEST EDGZ"

100 Na=j+1 :

110 PRINT

120 INPUT"ENTER DATE OF SAMPLT OR ~399 TO STCER";DS(N)
125 IF D$(N)="-39%" THEN N=N-1:GOTQ 500

130 INPUT"ENTER TIME OF SAMPIT (MILITARY ie. 13:00 FOR 1 pa)";T1$(XN)
140 INPUT"ENTER TEMPERATURI™;TE(N)

150 INPUT"ENTER RESEVOIR HEIAD READING™;HD(N)

160 INPUT"ENTER MANOMETER 1 READING";R1(N)

170 INPUT"ENTER MANOMETER 2 READING®;R2(N)

186 INPUT"ENTER MANCMETER 3 READING";R3 (N)

190 PRINT

200 PRINT"*e*»%*ENTER FLOW DATAwewsawt

210 PRINT

220 INPUTWENTER TIME (MIN.SIC)*;TM

230 TI=INT(TH) :TT=TM~-TI:SC=TT+100

240 T{N)=SC+TI*&0

250 INPUT"INTER VOLUME IN CUBIC CENTIMETERSY;V (N}

260 IF MIDS(DS(N),2,1)="/" THEN DY(N)=VAL(MIDS(DS(N),3,LEN(DS(N)))) ELSZ DY(N)=V
AL(MIDS(D$(N),4,LEN{DS(N})}}

265 IF DY(N)<DY(N-1) THEN DY (N)=DY(N~-1)+DY(N)

270 H(N)=VAL{T1$(N)}-

280 M=VAL(RIGHTS(Ti$(N),2))

290 H=M/60

300 H(N)=H(N}+H

310 TH(N)=(DY(N)=DY (1)) *24~H (1) +H(N)

320 Q(N)=V(N)/T(N)

338 LQ(N)=Q(N)/45.6

340 DH1(N)=HD(N)=R1(N)

350 DH2(N}=R1(N}=-R2(N)

360 DH3(N)=RZ (N}=R3(N)

370 K1{N)=LQ(N)*DL1/DH1(N)*C{T2(XN))

380 K2 (N)=LQ(N) »DL2,/DH2 (N} *C{TP (X))

398 K3 (N}=LQ(N) *DL3/DHI (N} =C{TZ (N} }

400 GOTO 100

500 D3$=STRS(INT(D3}):D25=STRS(INT(D2}):D1S=5TRS (INT(D1})
540 FSa#TRU+TNS+4THeTBS+4, TAZY

550 OPEN F§ FOR OUTSUT AS #1



555 FOR G=1 TO S:PRINT #1,"":NEXT G
560 PRINT #1,"
NO." ;DN

570 PRINT #1,%

NQ. ";7EB$

$75 PRINT #1,"™

577 PRINT #1,"TRANSECT BEARING:
580 PRINT #1,"SAMPLEZ DEPTH (cx=):"
585 PRINT #1,nn .

RS, POSITION:

;PSS

5;" TUEE DEPTH (cm):%";TD

4 X % X e Je % EhkAREEXXTX KK % EFxhkATH
530 PRINT #l'"it***i&**i*********i!2*2*********:******* FRXX XA KX TEE R =

*i**i_‘t*ii"
392 PRINT 31,"UNITS: Q=cc/sec
cm/sech

J=cn/sec IZAD=cn

DHE=¢ca

DL=co val=czc K=

- & _ k- % X _ * L E 2 2
594 PRINT B T X R N kR R R AT A T AR IR R R Rk ek F Rk Rk ke sk Rk Tk kok o *wE

d e % d vk ke x i

596 PRINT #1,uw

600 AS="DATE TIME TEMP MANCHMETES HEAD DH
20¢" A P

610 BS="\ \ \ \ #: rasevoiz #24.% ‘
620 CS=n : §#7 ca #E-7 #53.%
Anail .
630 D$=" DEPTH BILOW SURFACE{ ££% co FEd.F | E$3.%
AAAl

640 ES=" £3% cm $37.4 §#%.3
AAAil

650 F§=n ———— -—
pre——— |

660 X=X+1 R

664 IF INT(X/7)=X/7 AND PN=1 TEEZN X=X-1:PN=DN+1:PRINT
670 PRINT $#1,AS

680 PRINT #1,F$ :
(X) 1HD{X) ; T(X)

6§90 PRINT #1,USING BS;DS(X);Ti$(X);T?

700 PRINT $#1,USING C§:D1:RI(X) ;DHL(X) ;DLL; V(X) ;K1 (X)
710 PRINT #1,USING D$:D2,R2(X):DHZ(X);DLZ:Q(X);KZ(X)
720 PRINT #1,USING ES:DS,RB(X);DH3(X);DL3:~Q(X):KS(X)

730 PRINT #1,"»

735 IF X=N THEN GOTO 990

740 GOTO 660

990 CLOSE .

992 F3I§=TN§+"T"+TBS$+"D"+RIGHTS (D3$, LIN(DIS) -1) +". DAT"
994 .F2$=TN$+"T"+TBS$+"D"+RIGHTS (D2$, LEN (D2§) 1) +". DAT™
996 F1$=TN§+"T"+TBS$+"D"+RIGHTS (D1$, LEN(D1S)—1)+", DAT"
1000 OPEN F2§ FOR OUTBUT AS #2

1010 OPEN F1$ FOR OUTPUT AS #1

1020 OPEN F3$ FOR OUTSUT AS £3

1030 FOR X=1 TO N

1040 WRITE #1,K1(X)

1050 WRITE #2,K2(X)

1060 WRITE #3,X3(X)

1070 NEXT X

1080 CLOSE

1090 F4S=UTRY+TNS+"TH+TBS+"H"+" , DAT"

1100 OPEN F4$ FOR OUTPUT AS #1

1110 FOR X=1 TO N
1120 WRITE #1,TH(X)
1130 NEXT X

1140 CLOSE _ '
1150 END

555 FOR G=1 TO 5:PRINT #1,"":NEXT G
10 cLs

DL FLOW DAT X at
secs= #§iin

i38.4 vel=3{3.33 #7.§43~

#3%.4 Q=33 . §§Arnn 33,2335~

#38.4  qeid.fFecnn $3 8584

71,CHRS$ (12) :GOTO 555




APPENDIX C

. Laboratory procedure: sample extrusion

The samples were extruded <£from the shelby tubes usingAthe
Vertiject device from Sciltest - Inc. (figurs C1). This“déﬁiée-
works on the same principle as a hydrzulic jack. A piston,
cperated by a foot pedal, is slowly forced from the bditom of the
shelby tube upward. Extruding the samples in this method enabled
intact sample coreé to ke preserved : (sample photos, aprendix
D).

This devica only worked suécessfully when extruding samples
that were near saturation. The Vertiject was not able to
extrude samples which had been allowed to air dry. The friction
between the dry sample and the tube wall was greater than the

maximum hydraulic force that could be supplied bv the piston.

’



it

p O G

" extruded sample z{}:vﬂ

shelby tube

piston

“ ) foot pedal
’ .

~

Figure Cl. Diagram of the Vertiject sample extrusion device.




APPENDIX D

. Vertical transect sample core photogravhs

s

?hotogranh’D—l, (V47, photo # 3)

" This sample was obtained from +the slimes along transect
V47. Layering is evident, however, the composition of the layers.
is quite wuniform. The sample has pulled away from the sides of
the trough upon drying and yet, has remained cohesive. This is
common in the very fine grained, slime samples. The matrix in
such samples that were air dried was often able *o withstand the
force of a hammer blow. Very +thin sand layers are present in
this sample similar to the sample in figure 14. -

Photograph D-2, (V11l, photo % 5)

This sample was obtained from the sand zone near the
southern edge of the cross saction. The sample 1s quite uniform
and coarser grained than the 'sample from V47. Samples taken from
this area of the cross section were relatively cohesionless and
broke apart easily upon drying.

Photograph D-3, (V75, photo # 6)

This sample was obtained from transect V75 in an area whers
interfingering of. slimes and sands is common. This sample core
1s eSSEntizlly made up of two parts. The upper part, 0-28 cm, is
composed primarily of coarse grained +tails with very thin
interlayered slimes (18, 21, and 27 cm). The fine grained slime
layers appear 1lighter in color in the photograph. Below 28 cm,
slime layers predominatse. In this area, thin layers of coarser-
grained +tails cause the sample <toc separate upon drying. The
curved shaped of the sample ecdges below 30 cm is due to core
deformation during sample extrusion.

Photograph D-4, (V75, photo & 7)

. This photegraph shows the contact between layer 1 and the
underlying soil at the <transect location V75. Interlayering of
cocarse and finer-grained tails 1is evident in layer 1. A fairly
large stone is noted in the soil at 43 cm along the tape mea-
-Sure. The rocky nature of the underlying soil made sampling in
this media very difficult.
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TRANSECT NUMBE!

Photograph D-1

Photograph D-2

TRANSECT NUMBER: V75

PHOTO NUMBER: §

Photograph D-4

Photograph D-3
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DPPENDIX E

Laboratory procedurs: §/4 relationshivs

Hanging column methed

6/% relationships at low suction values can ke deﬁérmined
using a hanging -column apparatus (figure E1). .The cup (C)
in the figure 1is a 350 ml buchner funnel with a fine-frittesd
ceramic plate (P). The funnel is connected to a 50 ml burette
(B) by fine tubing (1/16" ID). A large rubber stopper (RS) is
placed cver the buchner funnel. A tube connects this stoppex to

the buretta. This setup is used to prevent evaporation of water

m

from the sanple. De-aired, distilled water is wused in th
~hanging column systen.

Prior to placing a ring sample in the buchner funnel, it
was set in a pan of distilled water for at least 24 heurs to
ensure saturation. The saturated sample is.theﬁ weighed and
placed in the buchner funnel. Care must be taken to ensure that
good hydraulic connection is obtained between the sample and the

he sample by lowering the

ot
)
rf

ed

'.l.

1

D

porous plate. A sucticn is ap

'O

water level in the buretta. This suction will cause water to
drain from the sample until an equilibrium ¢ is reached .at the
given pressure. Equilibrium is wusually attained within 24
hours. ¢ is measured from the center of the sample length to the
water meniscus in the burette. To obtain a representative amount
of data for a 4/$ curve, the burette 'is lowered in 10 to 15 cm
increments daily. Sucticns up to 180 cm éan be applied to a

sample using this method. Both wetting and &rvin curves can be
P g g Y
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Figure El1. Diagram of the hanging column used to measure
: theta/psi relationships (Bcuma, 1374).

Pressure scurce Pressurs call
ressure ce

3 / Psrous plate

ii
Sail sample
N\

joewy e Qyllat

mgnomelsr I

Mercury é’

Figure E2. Diagram of a volumetric pressure plate et‘*acbor
(Hillel, 1980).
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obtained using this apparatus.

Volumetric pressure plate method

The volumetric pressure plate serves the same function as
the hanging column.apparatus (figure E2). The pressurs plate,
however, enables 4/y drying_ rélationships to be determined
up to 15 bars (15255 cm).

The apparatus is prepared for use Ly saturating .the porous

"

plate under pressure with de-aired, distilled water. Up to 12
samples at a given time can be placed on-the porous platé. Once
again, care must be taksen to ensure that gocd hydraulic connec-
tion is-cbtained between the sample and the porous plate. With
the samples in place, the chamber is seazled and positive preassurs
is app;ied using bottled nitrogen gas. Pressurs can be applied
at varicus increments up to 15 bars. When the samples have
reached eguilibrium, the chamber 1is cpened and the samples ars
weighed to determine the loss in moisturs at the given pressure.
The last step in the §/y procedure is to oven dry and weich
the samples. With this weight, n, 8,5, 6,5, @and §/Yy curves can

be calculated.’
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The volumetric pressure plate serves the
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up to 15 bars (15255 cm).

The apparatus is preparsd for use by satura
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same function as
pressure plate,

be determined

ting the porous

plate under pressure with de-aired, distilled water. Up to 12

samples at a given time can ke placed on -the por
again, care must be taken to ensure that goed h
tion is-cbtained between the sample and the por
the samples in place, the chamber is sealed and o
is app;ied using bottled nitrogen gas. Pressursa
at wvaricus increments up to 15 bars. When
reached egquilibrium, the chamber is cpened and

weighed to determine the loss in moisturs at the

ous plate.' Once
vdraulic connec-
ous plate. With
ositive pressure
can be a applied
the samples have
the szamplses are

given pressure.

The last step in the §/4 procedure is to oven dry and weich

the samples. With this weight, n, 8150 815, aNd §/9

be calculated.

curves can



.APPENDIX F

Laboratory procedure: -particle size analysis

Hvdrometar analvsis

Hydrometer analyses wers performed following the rocedure:!
S< Y B

-

of Day (1965). Sodium pyrophecsphate (Na,P,0,-10H,0) was used as

the dispersing agent for this analysis.

Particle density 1is one of the input variablss in Stoke's

equation (eguation used to determine particle

eter analysis). The particle densities of
were determined following the procedures of ‘Blake (19635). The
average particle density of +the tan samples was found to egual

3.12 g/cm.

Sieve analvsis

At the conclusion of each hydrometer analysis, the sample

was wet sieved using a 200 mesh (75 pu, p=microns) sieve. The
sample restained in this sieve was then oven dried and dry sieved
following the methods of Day (1965). Sieve sizes 30 (600y), 40
(4254), 60 (250g), 100 (150u), 140 (106z), and 200 (752) were
sufficient +to characterize the particle racticnaticn of the
tailings. Additional sievé sizes 1/4" (6300u), 10 (2000x), and
20 (850p) were needed to characterize the scil samples.

‘Grain size parameters (% finer by welght) were calculated
using the fortrén program GRAIN (appendix G). The particle
diameters at the 10th, 16éth, 30th, 50th, 60th, and 84th percen- =

tile were linearly interpolated from +the GRAIN output using

the fortran program GS (appendix H).
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APPENDIX G

Computer code for pregram: GRAIN

BRI EZEEZ ISR LT R EEL S0 S S L AR SR SRR SR SRS A SRR AR R R SRR R RS R R SRR RS

PRCGR2M TO COMPUTE GRAIN SIZE VS. PERCENTAGE OF WEIGHT PASSING.
DATA TAKEN FROM BOTH SIEVE AND HYDRCMETER TESTS.

* ¥ % A A F

x

x

. : *

WRITTEN BY: GARY JCHNSON, 4/2/86 =
. *

x

VARIABLE DEFINITIONS:

TWI=TOTAL SAMPLE WEIGHT

PD=PARTICLE DIAMETER

WIR=WEIGHT RETAINED PER SIEVE

PERC=PERCENTAGE OF WEIGHT PASSING

DEN=PARTICLE DENSITY .

TIME=TIME OF READING (HYDRCMETER TEST)
RC=CORRECTED R VALUE (HYDRCMETER TEST)
R=UNCCRRECTED R VALUE (HYDRCMETER TEST)
TEMP=WATER TEIMPERATURE

LEN=LENGTH OF HYDROMETER BULRB BELOW WATER SURFACE
DIA=PARTICLE DIAMETER )
DIAC=CCRRECTED PARTICLE DIAMETER

TVIS=WATER VISCCSITY AT GIVEN TEMPEIRATURE
VISC=VISCOSITY CORRECTION

THETA=INTERMEDIATE VALUE

L=LENGTH OF HYDRCMETER BULB BELOW WATER SURFACE
T=WATER TEMPIRATURE

V=WATER VISCOSITY AT GIVEN TEMPERATURE

AR AR AT AT T A A XA A AL R XA A A AT AT AR T A A A A A A AR A A AT T AR A XXX XX TN XA IR X
REAL T%T,N,PD,WTR,PERC,DEN,TIME,RC,TE&P,LEN,THETA,DIA,TVIS,VISC,DIAC,I
REAL R(100),L(100),T(100),V(100),TTW

e 2 X 2R Y S X T ST XSRS SRR SRS SR RSS2 & SR RE R EEEER LSS SRR
OPEN(UNIT=22)

OPEN({UNIT=23,FILE='LENGTH.DAT')
OPEN(UNIT=24,FILE='VISCOS.DAT')

KA XK AR AT R T XA XA R XA A AT A XA KA X AT A A XA A XA XXX AT XN XA IR XXX AT XARRR XA CXXCN K
WRITE(S,*)'INPUT TOTAL SAMPLE WEIGHT IN GRAMS:'

READ(5,*) TWT

WRITE(S,*)'INPUT NUMBER OF SIEVE READINGS: '
READ(S,*) N )

AT R XK AR XX AN A AR AR R AKX AR KRR AKX A RF AKX A TR XXX XX XX XA XX RN
TTW=TWT
WRITE(S,*)'INPUT PARTICLE DIAMETER (MICRONS) & WEIGHT RETAINED:'

DO 10 I=1,N
READ(S5,*) PD,WTR
PERC=( TTW-WTR) /TWT
WRITE(22,*)PD, PERC
TTW=TTW-WTR
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102

101

202

201

O00Ow

CONTINUE

*************xt***********x*r*x**x**********x*****xxw***x*x**xxxr***
(o

DO 30 I=1,61
' READ(23,*%) R(I),L(I)
CONTINUE

DO 40 I=1,18
READ(24,*) T(I),V(I)
CONTINUE

*****xw*****xr*xz****w******xt*x*************x*******w**x*rr*x*wtw

WRITE(S,*)'INPUT NUMEER OF EYDRCMETER READINGS: '
READ(S, * )N

WRITE(S,*)'INPUT PARTICLE DENSITY (GM/CM#**3); !
READ(S, * )DEN

*x*x*xxx***x*rx*xxxx*th**x*x**xw*x*ir*********x*****rr***xx*txx****L»

WRITE(S,*)'INPUT TIME OF .READING (MINUTES), CORRECTED R VALUE, TEMD,
(DEGREES C): '

DO 20 I=1,N .
READ(S,*) TIME,RC,TEMPD

J=1
IF(RC.EQ.R(J))THEN
LEN=L(J)
GoTO 101
ELSE
) J=J+1
GOTO 102
END IT

THETA=1000*( ((30*.008007*LEN)/(980.7*(DEN-.99949)))**.5)
DIA=THETA/(TIME~*.5)

J=1
IF(TEMP.EQ.T(J))THEN
TVIS=V(J)
GOTO 201
ELSE
J=J+1
GOTO 202
ENDIF

VISC=((TVIS/.008007)~x 5)

DIAC=DIA=VISC

PERC=RC/TWT

WRITE(22,*) DIAC,PERC
CONTINUE

t***x***x***x*xx**xt*x***xz*****************x**x*xz*x*xxx*xxxrtx***

CLOSE(UNIT=22)
CLOSE(UNIT=23)
CLOSE(UNIT=24)
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**************x**********w*************x***.x******r********xr****x*x

WRITE (S, ®) R R R R X R R R R AR R AN R AR R AKX KIRARK KX KRR AR * K]

WRITE(S,*)'COPY FILZ <FOR22.DAT> TO APPROPRIATE FILE N2ME: !
W-RITE(S, *) t **f***xxx-x***x**x***x****r***x*rrz*x*x*xxx*-wxx**xxr'

*‘k*********w****x***r*****************x***x*'k****x»*********xxxxx**x*

STOP
END

X X IR S R R s R S E R RS F S SRS RS AL R RS R RS ES ISR SRS S RS RS EE R R EE LR



QONOO0OONOO0NON

ann aan

OO0 OO0

20

25

30

40

APPENDIX H

Computer code for program: GS

***r***********t*************xr**************x*****x
THIS PROGRAM INTERPOLATES BETWEEN POINTS CON A GRAIN
SIZE ANALYSIS CURVE IN ORDER. TO DETERMINE PARAMETERS
SUCH AS D50, AND UNIFORMITY COEFF.
*********r***x'xxxx-****x******xx****x*x*xw****x*****"‘t

.L=NO OF PTS IN CRIGINAL X,Y FILE

MD=NO CF DEPENDENT VARIABLES

M=NQ COF PQINTS TO BE INTERPCLATED

BETWEEN 2_KNOWN PQINTS . . ...

N=((L-1)>*M)+1

********************************************xw***t*x

TO RUN: EX GS.FOR,SYS:PLTLIB/LIRB

***t*********xr*****xt*xx***x*************x*****x*t*

REAL X(100),Y(100),U(1210),V(1210)
INTEGER Md,L,M,N

OPEN (UNIT=99,DIALCG)

OPEN (UNIT=98,DIALOG)

LRSS AR SR AR R R EEEE SRR R R R R

WRITE(S,*) 'INPUT NUMBER CF READINGS: '
READ(S,*) L

Md=1

M=30

N=((L-1)*M)+1

LA R RS SR E LR LR R R RS LR LSRR R L EEE TR R R R R R R R I R R e

DO 10 I-1,L
: READ(99,*)X(I),¥(I)
CONTINUE

AR R RS AR PR AL EEREEEE SRR RS LR LR S R R e T 5

CALL CRVFIT(M4,L,X,Y,M,N,U,V)

******************************************x*******x*

DO 20 I=1,N
IF((V(I).LT..15).AND.(V(I).GT..085))TEEN
WRITE(S8,*)U(I),V(I)

END IF

CONTINUE

DO 25 I=11N
IF((V(I).LT..21).AND.(V(I).GT..143))THEN
WRITE(98,~)U(I),V(I)

END IF

CONTINUE

DO 30 I=1,N
IF((V({I).LT..35).AND.(V(I).GT..285))THEN
WRITE(98,*)U(I),V(I)

END IF

CONTINUE

DO 40 I=1,N .
IF({(V(I).LT..55).AND.(V(I).GT..485))THEN
WRITE(98,=)U(I),V(I)

) END IF

CCNTINUE

Do S0 I=1,N

]
;j




50

IF((V{I).LT..65).AND.(V(I).GT..585))THEN
WRITE(98,*)U(I),V(I)
END IF
CONTINUE
DO 60 I=1,N | -
IF((V(I).LT..89).AND.(V(I).GT..825))TEEN
WRITZ(98,=)U(I),V(I)
END IF
CONTINUE
STOP
END



A-21

Data values described in this study in tabular form

Upper Horizontal Transect Data
(R, Dy 8150 80) weveeennnnnano . A=22

Lower Horizontal Transect Dat

<
(X, 1, 8,5, 65y @) vevevununne.. A-25

Vertical Transects Data
(X, n, 85, 8150 ) evvneneenna.. A-41

Vertical Transect Theta/Psi Data
(6/¥, Rel K, Abs X, Diffus) ..... A-35

Neutron Probe Data
(6, tubes 6, S-11) ........ue... A-59
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HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): N 6w,
' : - 3.4m west

dist
nerth _
edge depth X(sazt) theta (cm3/cm3) |
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi
0.00 15-28 1.13E-03
238-42 2.36E-04
42-36 1.3%E-04
56-69 3.03E-05 0.460 0.101 0.070
3.75 15-28 5.52E-04
283-42 6.40E-03
42-56 1.11E-03
56~69 4.26E-03 0.470 0.142 0.103
8.31 13-28 1.52E-04
28-42 1.30E-05
42-56 2=%3E-05 '0.390 0.155 0.110
56-69
12.87 15-28 1.10E-03
28-42 3.33E-03
42-56 2.18E-05
56-69 1.26E-04 0.460 0.214 0.134
17.43 15-56 4.83E-086
56-69 1.33E-C5 0.510 0.047 0;032
21.99 15-28 2.18E-05
28-42 4.12E-05
42-36 3.08E-05
56-69 ©.33E-08 0.4860 0.123 - 0.079
26.55 15-23 8.84E-06
28-36 3.48E<-06 .
56-69 7.41E-07 0.3530 0.444 0.324
31.11 15-28 4.52E-05
28-59 2.82E-0s6
56-69 0.570 0.425 0.262
35.67 15-28 2.10E-05
28-42 1.46E-05
42-36 9.27E-C6

56-69 0.560 0.393 '0.309



HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m):

dist
north
edge depth X{(sat) : theta (cm3/cm3) .
(m) “(cm) (cm/sec) porosity 1.5 bar 15 bar
40.2315-28 3.75E-03
28-42 7.85E-04
42-56 9.31E-05
56-569 1.18E-04 =~ 0.520 0.362 0.331
44.79 15-28 6.80E-05
28-42 4.53E-05
42-56 2.83E-06
56-69 0.530 0.335 0.280 o
: .
49.35 15-28 2.24E-04 b
28-42 1.76Z-05
42-356 2.55E-06 ,
56—-69 0.720 0.416 0.251
53.91 15-28 1.50E-04
- 28-42 4.43E-0Q6
42-56 3.86E-05
56-69 0.620 0.365 0.350
58.47 15-28 3.5%E-04
28-42 3.42E-05
42-56 4.63E-05 ,
56-69 1.50E-05 0.5%0 0.407 0.243
63.03 15-28 5.83E-05
28-42 4.35%E-05
42-56 8.70E-07
56-69 4.1CE-06
67.59 15-56 6.68E-07
56-69 1.44E-086 0.450 .. 0.188 . 0.075
72.15 15-56 4.08E-06
56-69 1.42E-06 0.630 -0.334 0.215
76.71 15-238
28-42 1.48E-06

42-56 1.87E-06 - b
56-59 0.540 0.265 0.241 L



Transect bearing & distance from central drain (m): N 6 W
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HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

'
3.4n west

dist
north
edge depth K(sat) tne*a (cm3/cm3)
(m) (cm) (cm/sec) porOSluV 1.5 bar 15 bar theta/psi
81.27 15-28 3.23E-04
28-42 4.43E-05
42-356 1.48E-04
56-69 5.11E-05
85.83 15-28 - 2.33E-04
23-42 4.14E-05
42-56 3.56E~-05
56-69 5.35E~06 0.500 0.325 0.282
90.39 15-28 1.48%-04
28-42 1.08E-04
42-56 1.57E-04
56-69 6.10E-05 "0.510 0.244 0.203
94.95 15-28 5.04E-04
28-42 1.06Z-03
42-3556 3.62E-03
56-69
99.51 15-28 5.32E-04
28-42 4.56E-04
42-56 1.88E-03
56-69 2.57E-03 -0.480 0.2%95 0.217
104.07 15-28 7.13E-04
28-42 8.47E-06
42-56 1.13E-05
56-69 4.63E-05



HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES
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Transect bearing & distance from central drain (m): N 6w,
o ‘ 3.4m west
dist
north ,
edge depth K(sat) -theta (cm3/cm3)
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi
0.00 152-165 9.32E-04
165-179 4.02E-04
179-192 4.03E-03
182-205 4,65E~03 0.450 0.121 0.091
1.25 152-165 7.90E-04
165-179 3.70E-04
. 179=-1%2 | __1.76E-04___ ... . : e e
182-205 1.91=-05 0.471 0.129 0. 082
3.75 152-165 1.86E-05
163-179 6.53E-06
17¢9-192 3.23E-05 0.480 0.082
182-205 :
5.27 152-165 = 8.74E-04
163-179 4.5%E-05
179-192 8.33E-04
1¢2-205 0.387 0.072 0.027
6.79 152-165 2.32E-04
165-179 5.47E-08
179-192 9.74E-06
182-205 2.03E-05 0.413 0.088 0.036
8.31 152-165 5.42E-05
165-179 1.22E-05
179-192 3.20E-06
192-205 0.630 0.108 0.064
9.83 152-165 4.30E-06
165-179 8.08E-06
17%-192 4.80E-05
182-205. 1.33E-05 0.477 0.133 0.082
11.35 152-165 5.8%E-05
165-179 1.62E-06
179-192 6.09E-06
192-205 3.68E-06 0.421 0.330 0.171
12.87 152-165 3.30E-05
165-179 2.74E-05
179-192 S.21E-05
192-205 2.28E-05 0.59%0 0.175 0.0838



HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m): N 6 W ,
i e S 3.4m west

dist
north ;
edge depth (microns)
(m) (cm) d 10 d 16 d 30 d 350 4 60 d 84

C.00 152-165
165-179%
178-192 . - . '
182-205 30.748 34.510 41.175 49.008  52.460 142.667

1.25 152-165
165-179
1l7¢-1¢2 S o
192-205 10.670 20.110 44,432 74.070 896.700 156.6867

3.75 152-165
165-179
178-192
182-205

5.27 152-165
165-179
179-192 _ .
192-205 10.674 27.611 62.8%2 96.700 117.733 .180.000

€.79 152-165
165~-179%
178-1¢2 : :
182-205 6.066 14.647 33.941 53.176 65.559 117.733

8.31 152-165
165-179
17¢-192
182-205

\0

.83 152-165
165-~179
179-192

192-205 1.766 33.49%6 44.502 122.133

>
(8]
W
3V
~}
[es]
>
W

11.35 152-165
165-179
179-192 _
192-205 0.931 1.715 5.053 15.771 22.875  84.300

12.87 152-165
165~-179
179-182
182-205



HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m) :

dist
north _ : o
edge depth K(sat) theta (cm3/cm3) i
(m) (cm) (cm/sec) perosity 1.5 bar 15 bar = theta/psi
14.39 152-165 5.69E-06 =
165-179 1.59E-05 -
178-192 4.65E-06
182-205 1.33E-06 0.542 0.374 0.159°
15.91 152-1653 1.24E-04
165-179 1.12E-05
178-182 5.96E-06 .
192-205 1.61E-06 0.511 0.377 0.227
17.43 152-165 9.08E-04
165-179 2.10E-086
17g-122 8.50E-06 .
193~205 9.91E-08 0.680 0.360 0.277
18.85 152-165 4.0%E-04
165-179 1.08E-05
178-192 3.64E-06
192-205 2.81E-05 0.403 0.295 0.033
20.47 152-155 3.93E-05
165-179 9.33E-086
179-192 2.48E-056
192-203 7.53E-06 0.454 0.180 0.054
21.99 152-165 2.52E-03
165-179 1.36E~05
17¢-192 1.64E-06
l92-205 2.06E-05 0.540 0.328 0.234
23.51 152-165 6.67E~06
165-179 5.24E~-06
179-192 2.83E-06 ‘
182-205 3.01E-056 0.509 0.321 0.228
25.03 152-185 1.352-05
- 165-179 1.062-06
17%-192 1.58E-0s6
192-208 8.07E-07 0.502 0.316 0.138
26.55 152-165 2.88E-04
165-179 4.70E-06
179-192 6.00E-06
192-20s 2.52E-05 0.650 0.314 0.239




HORiZONTAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m): N6 W ,
: - ] ' 3.4m west

dist
north .
edge ‘depth - : , (microns)
(m) (cn) d 190 d16 @ ..d4306 _d 50 d 60 d 84

14.39 152-165
163-179
179-1%2
192-205 0.746 1.237 4.057 10.456 14.663 37.510

15.91 152~165
165-179
179-192
192-205 0.653 1.249 3.380 9.351 13.133 31.920

17.43 152-165
165-179
179-192
192-205

18.95 152-165
165-179
17¢-192 :
182-205 7.797 '18.452 54.581 80.167 97.733 153.333

20.47 152-165
165-179
179-192 _ ’
192-205 1.536 5.029 14.200 36.337 48.295 82.567

21.99 152~-165
165-179
179-192
192-205

23.51 152-165
165-179
179-192
192-205 1.102 2.254 5.662 14.621 20.380 44.830

25.03 152-165
165-179
179-192
192-205 0.940 1.655 5.662 15.406 22.293 52.083

26.55 152-165
165-179
179-192
192-205



HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m):

dist
north — _
edge depth K(sat) theta (cm3/cm3)
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar’
28.07 152-163 1.43E-03
165-179 1.63E-06
179-182 2.27E-06
182-205 2.20E-07 0.605 0.424 0.194
29.59 152-165 1.13E-05
165-179% 4.01Z-08
17%-19%2 6.16E-06
182-205 1.20E-06 0.563 0.405 0.243 o
31.11 152-165 1.23E-05
165-179 7.98E-06
17%8-192 1.63E-06
182-205 7.30E-07 0.595 -0.429 0.231
32.63 152-165" 5.30E-05
165~179 3.2%E-06
179-192 4,.24E~-07
.182-205 4.27E-07 0.562 0.417 0.312
34.15 152-165 6.17E~-06
165-179 3.58=-06
179-192 2.22E-08
182-205 5.922-07 0.562 0.388 0.165
35.67 152-165 7.94E-05 ;
165-179 2.91E-06 ]
179-1¢2 1.27E-06
192-205 7.47E~07 0.575 0.385 Cc.1¢0
37.19 152-165 7.62E-07
165-179 2.08E-07
175-192 1.26E-05
182-205 3.102-07 0.526 0.344 0.189
38.71 152~163 1.67E-05
163-179
179-192
192-205 0.530 0.385 0.106
40.23 152-165 1.15E-05
165-179 1.67E-06
179-192 8.56E-07 £
192-205 4.51E-07 0.576 0.395 0.175 ;{



A-30

HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS
Transect bearing & distance from central drain (m): N 6 W ,
‘ ‘ ; o N i " - 3.4m west

dist -
north :
edge depth (micrens) :
(m) (cm) d 10 d 16 d 30 d 50 'd 60 d 84

28.07 152-165
165-179
179-192 ' |
192-205 0.559 0.860 1.838 5.131 7.523 15.755

29.59 152-165
163-179
179-192
182-205 0.746 1.235 2.973 7.921 11.287 24.933

31.11 152-165
165-17%
179-182 )
192-205 0.821 0.839% 1.895 5.463 7.832 17.030

32.63 152-165
165-179
179~192
192-205 0.708 1.153 3.087 6.902 10.279 . 21.014

34.15 152-165
165-179
179-192 _ :
192-205 0.708 1.400 3.537 9.462 13.289  32.299

35.67 152-165
165-179

1798-192
192-205 6.708 1.397 3.581 8.645 12.516 22.719

37.1% 152-165
165179
179-192

192-2058 0.216 .435 4.408 12.439% 17.8138 38.300

[

38.71 152-165
165-179
179-192 :
192-205 0.621 1.147 2.3889 '6.902 10.297 26.713

40.23 152-165
165~-179

1l79-192 :
192-205 0.708 1.505 - 3.037 7.702 -11.022 23.177



Transect bearing & distance from central drain (m):

HORIZONTAL TRANSECT
HYDRAULIC PRODPERTIES

dist
north b
edge depth K(sat) : theta (cm3/em3) -
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi?
41.75 152-165 6.98E~-07
165-179 - 2.06E-06 -
178-192 9.82E-07 ’ :
122-205 8.67E-07 0.532 0.358 0.176
43,27 152-165 1.33E-06
165-179 5.43E-07
178-192 8.01E-07
182-205 5.82E-07 0.537 0.432 0.171
44,79 152-165 5.17E-05
165-179% 4.26E-06
179-192 1.08E-05
182-205 8.33E-07 0.542 0.382 0.274
46.31 152-165 1.24E-05
165-179 2.58E-06
179-192 1.39E-06
192-205 1.48E-06 0.580 0.420 0.14¢9
47.83 152-165 7.26E-05
165-179 2.14E-06
179-192 1.40E-06
182-205 1.22E-06 0.612 0.417 0.165
49.35 152-165 2.52E-06
165-179 1.71E-06
178-192 1.20E-0s6
182-205 6.74E-06 0.616 0.417 0.1¢9
50.87 152-165 2.44E-06
165-179 2.00E-0s
179-1%2 1.35E-0¢6
192-205 1.69E-06 0.580 0.416 0.263
52.39 152-155 6.71E~-06
165-179 7.34E-07
17%-152 3.51E-06
1¢2-205 4.24E-06 0.553 0.406 0.171
53.91 152-165
165-179 1.95E-06 =
179-192 1.31E-C6 [f
182-205 2.86E-06 0.530 0.368 0.221



HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing &

‘distance from central drain nm): N &6 W

dist

north

edgse
(m)

depth
- (cm)

41.75

43.27

128
>
~1
O

46.31

47.83

49.35

50.87

52.39

53.91

152-163
163-17%
179-192
182-205

152-163
165-179
179-192
192-205

152-165

165-179 .

178-192
192-205

152-165
165-179
179-192
182-205

152-165
165-179
178-192
192-205

152-165
165-179
179-192

182-205

152-165
165~179
179-192
192-205

152-165
1l65-179
179-192
l82-205

152-165
165-179
179-192
1%2-205

d 10 1ls
0.214 1.426
0.8438 1.163
0.912 1.150
0.916 1.326
0.849 1.155
0.847 1.157

-.0.846 l.149
0.912 1.151
0.850 1.136

3.4m west

A-32

(microns) _

d 30 4 50 d 69._ d 84

4.695 12,041  16.276 23.791
2.646 7.485 10.144 13.926
3.142 ?.485 11.083  25.519
2.910 6.044 9.441  18.593
2.985 6.800 9.441  19.168
2.496 6.156 8.575 17.4¢%4
2.913 6.678 $.114 18.598
3.145 7.213 10.176 22.0%4
2.582 6.141 8.155 15.755



Transect bearing & distance from central drain (m):

HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

N 6 W,

3.4m west

dist i
north =
edge depth X(sat) theta (cm3/cm3) °
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi
"55.43 152-165 1.47E-06
165-179 2.25E-06
178-122 . -8.33E-05
192-205 4.32E-05 0.523 0.3¢%4 0.118
56.95 152-165 7.24E-06
165-179 5.98E-06
179-192 2.34E-05
182-205 1.16E-06 0.534 0.377 0.313
58.47 152-165 3.26E-06
165-179 7.15E-07
178-19%2 7.91E-07
192-205 6.035E~-07
59.99 152-1s65 1.56E-06
165-179 6.88E-07
179-192 8.87E-07
122-205 5.71E-07 0.5%0 0.3%92 0.217
6l.51 152-165. 5.35E-04
163-179 1.6%E-06
178-132 1.22E-0s
192-205 "8.44E-07 0.560 0.401 0.343
63.03 152-165 4.45z-06
165-179 1.73E-06
179-1%2 9.13E-07
1%2-205 9.45E~07 0.460 0.051 0.029
64.55 152-165 7.47E-06
165-179 1.64E-0Qs6
179-192 1.22E-06
182-205 0.419 0.040 0.021
66.07 152-165 7.67E-058
165-179 2.05E-06
179-192 2.87E-06
192-205 0.4453 0.055 0.030
67.5% 152~165 5.14E-04
165-179 6.16E-06
179-192 1.63%-06 - b
192-205 2.89E-06 0.440 0.049 0.028 ﬁ



A-33

HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): N 6 W,

dist
north
edge depth K(sat) theta (cm3/cm3) _
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar  theta/psi
"55.43 152-165 1.47E-06
163-179 2.25E-06
179-192 -8.33E-05 _
182-205 4.32E-05 0.523 0.3%54 0.118
56.895 152-165 7.24E-06
165-179 5.98E-06
175-192 2.34E-056
182-205 1.16E-06 0.534 0.377 0.313
58.47 152-165 3.26E-086
165-179 7.15E-07
179-182 7.91E-07
1¢2-205 6.05E-07
58.99 152-165 1.56E-06
165-179 6.88E-07
179-192 8.87E-07
182-205 5.71E-07 0.5%0 0.392 0.217
61.51 152-165. 5.35E-04
165-179 1.63%E-C6
179-1%82 1.22E-06 .
152-205 8.44E-07 0.560 0.401 0.3438
€3.03 152-165 4.435E-06
165-179 1.73E-06
179-192 9.13E-07
192-205 9.45E-07 0.460 0.051 0.029
64.55 152-165 7.47E~-06
165-179 1.64E~-06
179-192 1.22E-06
192-205 0.419 0.040 0.021
€66.07 152-165 7.67E-06
163-179 2.05E-06
179-192 2.87E~-06
192-205 0.445 0.055 0.030
67.59 152~165 5.14E-04
165-179 6.16E-06
178-192 1.63E-06
192-205 2.8%E-06 0.440 0.049 0.028



HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m): N 6 W ,

3.4m west

dist

north

edge
(m)

cdepth
(cm)

55.43

56.95

58.47

59.99

63.03

64.55

66.07

67.59

152-165
165-179%
178-1%2
192-203

152-165
165-179
179-192
1982-205

152-165
163-179
179-192

. 182-205

152-163
163-179%
179-192
192-205

152-165
165-17¢9
179-192
182-205

152-165
165-17¢9
179-192
182-205

152-165
165-17¢9
178-192
122-205

132-165
165-179
179-192
122-205

152-165
165-179
179-192
192-205

d 10 d 16
0.740 1.095
0.733 1.094
0.778 1.093
1.057 1.933

16.192  34.258

34.287  54.453

22.722 47.797

A-34

(microns)

d 30 d 50 d 60

3.627 7.316 11.335-

3.073 6.407 8.906

2.740 6.526 8.906 .

3.920 7.301 9.943 25.
63.826  75.000 117.733 186.6§3
82.233 120.667 '139.733 196.66

69.664

122.133 144.133




HORIZONTAL TRANSECT.
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): N 6 W
‘ e e ’

dist

north :
edge depth K(sat) theta (cm3/cm3)
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi
69.11 152-165 5.40E-06
165-179 5.23E-06
179-192 2.71E-06
182-205 - 0.570 0.172 0.073
70.63 152-165 2.01E-04
165-179 5.29E-05
175-1392 2.83E-0s6
192-205 2.895E-05 0.471 0.040 0.039
72.15 152-1653 2.24Z-04
165-179% 3.01E-06
179-192 4.35E-05
192-205 4.33E-06 0.470 0.051 0.028
73.67 152-165 8.25E-04
165-179%9 2.28Z-03
175-192 7.28E-06
1s2-205 2.47E-06 0.418 0.098 0.056
75.19 152-165 3.54E-04
165-179 1.12E-05
178-192 1.76E-05
192-205 6.97E-06 0.460 0.174 0.138
76.71 152-165 2.04E-04
163-179 2.15E-05
179-192 2.91E-05
182-205 5.30E-05 0.590 0.096 0.045
78.23 152-165 5.37E-04
165-179 8.61E-06
178-192 3.47E-05
192-205 1.78E-05 0.418 0.126 0.093
79.75 152-165 1.32E-04
- 165-179 7.80E-05
179-192 4.28E-05
182-205 1.60E-04 0.540 0.087 0.039
81.27 152~-165 6.43E-04
165-179 1.28E-05
179-192 1.08E-05
192-205 1.67E-05 0.490 0.217 0.156



HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m) :

70.63

72.15

73.67

75.1¢9

76.71

78.23

79.75

81.27

152-165
165-17¢%
179-192
1s2-205

152-165
165-17¢9
17%-192

$192-205

152-165
165-179
17¢-192
192-205

152-165
163-179
178-192
192-205

152-165
165-179
17¢8-192
192-205

152-165
165-179
17¢-192
122-205

152-165
le3-179
178-1392
192-205

152-163
165-17¢%
17%-192
182-205

152-165
165-179
179-192
192-205

d 10

22.722

34.083

24.427

4.189%

8.176

6.37%

l1.852

3.719

15.183

$.013

16.730

4.692

(microns)

d 30

d 50

87.400

786.033

' 25.537

13.341

32.537

28.041

37.105

11.795

138.267

108.933

119.200

120.667

27.781

62.218

62.2138

67.529

27.909

163.333

126.533

’_l
o>
=]
N}
@]
o

160.000

36.585

8§l.2%91

86.652

8§1.801

37.179

267.5

250.000
3

176.667

160.00"

170.000

101.867



A-37

HORIZONTAL TRANSEZCT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m) s N 6 w ,
’ : ' 3.4m west
dist
north
edge depth K{sat) theta (cm3/cm3) .-
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar  theta/psi
82.79 152-165 2.7SE-04
165-179 2.88E-05
179-192 8.9%E-06
182-205 1.83E-04 0.4399 0.091 0.041
84.31 152-165 1.29E-04
165-179 3.37E-05
179-192 6.94E-05
182-205 2.61E-05 0.53¢ 0.133 0.090
85.83 152-165 9.20E-04
165-179 3.85E-05
17¢e-192 4.32E-05
192-205 2.68E-05 0.420 0.116 0.068
87.35 152-165 1.25E-04
165-179 5.56E-05
179-192 7.37E-05
182-205 2.03E-05 0.49¢ 0.067 0.032
88.87 152-165 2.24E-05
165-179 2.15E-053
179-192 5.04E-05 '
1¢2-205 1.47E-05 0.533 0.1438 0.088
80.39 152-165 2.36Z-04
163-179 4,.88E-05
179-192 3.53E-05
182-205 2.68E-05 0.460 0.183 0.085
91.99 152-165 3.53=Z-04
163-179 2.53E-03
178-192 4,.21E-05
182-205 ~1.53E-04 0.534 0.098 0.0486
©3.43 152-165 2.12E-04
165-179 3.08E-05
178-192 1.12E-05
182-205 2.3%E-03 0.521 0.087 0.041
84.95 152-165 3.07E-04
163-179 9.33Z-05
179-192 3.02E-04
6.02E-05 0.430 0.144 0.086

192-205



A-33

HORIZONTAL TRANSECT
GRAIN- SIZE ANALYSIS

Transect bearing & distance from central drain (m): N 6 W,

dist
noerth
edge

(m)

82.79

85.83

87.35

88.87

90.35

g1.91

93.43

152-165
165-179
179-192
152-205

152-165
165-179
179-192
1s2-205

152-165
165-179
179-192
182-205

152-165

~-165-179

17¢-152
1¢2-205

152-163
165-179
179-192
182-205

152-1653
1l63-179%
1l7¢-192
192-205

152-165
165-179
17¢-192
1%2-2053

152-165

165-179

179-192
192-205

152-165
165-179
179-192
192-205

d 10

6.733

2.301

5.832

1.72¢9

4.033

3.210

17.336

8.602

19.73¢9

23.426

19.053

9.593

(microns)

d 30

d 50

3.4m west

40.007

20.065

o>
[
o>
>

50.413

27.190

8.874

34.357

13.403

76.001

38.926

80.077

25.722

50.412

110.400

29.395

$6.%906"

50.256

12.226

102.526 .

'68.107

42.899

76.196

141.200

35.052

126.533

170.000

111.867

135.33

250.0060




HORIZONTAL TRANSECT
HYDRAULIC PROPERTIES

Transect kearing & distance from central drain (m):

A-39

Neé6w,
3.4m west

dist
north . :
edge depth K{(sat theta (cm3/cm3)
(m) (cm) (cm/sec) porosity 1.5 bar 15 bar theta/psi
©6.47 152-165 7.23E-05
165-179 1.74E-05
175-1382 2.92E-04
192-205 8.40E-06 0.581 0.223 0.137
97.99 152-165 5.40E-05
163-179 7.79E-05
172-192 3.77Z-05
182-205 7.91E~-05 0.443 0.055 0.02¢
89.51 152-165 1.39E-04
165-17¢% 2.532Z-03
175-192 8.78E-04
182-205 6.23E-04 0.460 0.054 0.030
101.03 152-1s65 1.48E-02
165-179 4.8CE-03
178-1392 2.49E-03
182-205 3.36E2-03 0.428 0.082 0.051
102.88 152-163 1.23Z2-02
165-179 5.50E-03
179-1382 2.63E-03
182-205 2.90E-03 0.509 0.145 0.095
104.07 152-155 1.362-02
163-179 2.47E-03
178-192 7.83E-04 0.550 0.143 0.089

192-205



HORIZONTAL TRANSECT
GRAIN SIZE ANALYSIS

N6wW,

Transect bearing & distance from central drain (m):
) : 3.4m west

dist

north

edge
(m)

depth
(cm)

96.47

97.%89

89.51

101.03

102.55

104.07

152-165
165-179
179-192
192-205

152-165
165-179
179-192
192-205

152-165
165-179
1l7¢-192
182-205

152-165
165-17%
175-152
192-205

152-165
165-179
179-192
192-205

152-165
165-179
175-1¢2
182-205

d 10

1.630

26.033

11.008

17.153

30.7358

8.206

4.22¢9

Ul
ul
0
Ul
1=

18.122

36.776

34.588

22.286

(microns)

d 30

d 50

d 60

10.762

100.800

39.00¢9

71.389

38.805

43.122

23.7%6

150.000

67.437

123.600

45.986

. 31.626

180.000

52.743

173.3%




VERTICAL TRANSECT

HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): N 7.5 W
: R ‘ 5m west

Distance from north edge (m): 5.2m (V §)

Correlate with neutron proke tube 2: 6

depth K(sat) theta (cm3/cn3)
(cm) photo 7 sample # (cm/szac) poresity 1.5 bar 15 bar

51-65 1 1 6.72Z-03

65-78 1 2 3.61E-03

73-S1 1 3 2.44E-03 -

81-104 1 4 7.02=-04 0.520 0.160 0.113
104-119 2 1 5.64E2-04

118-132 2 2 1.26Z-03

132-~145 2 3 8.57E-05

146-158 2 4 2.85E~05 0.445 0.0¢1 0.054
158-171 3 1 4,88E-05

171-185 3 2 5.1%E-06

185-1393 3 3 1.48E-05

188-211 1.00E-04 0.413 0.069 0.038
211-223 4 1 4.03E-06

223-236 4 2 6.48E-06

236-2530 4 3 6.19E-06 .

250-262 4 4 5.11E-06 0.391 0.036 0.023
262-273 5 1 8.26E-05
- 273-287 5 2 5.31E-05

287-300 5 3 1.23E-05

300-314 1.02E-0Q05 0.427 0.150C 0.023
314-319 6 1 1.87E-05

319~-333 6 2 1.88E-06

333-345¢6 6 3

346-339% 6 4 0.385 0.041 0.026
369-332 7 1 7.35E-04

382-3¢5 7 2 1.6%E-06

385-409 7 3 7.33E-06 .

409-415 3.26E-06 0.450 0.253 0.133
415-4238 8 1

428-434 Layer 2 8 2 1.74E-06

434-441 Layer 1 8 2 1.74E-06

441-455 8 3 4.26E-06

455-463 8 & $.10E-06 0.48¢9 0.117 0.075
463-473 9 1 3.2%E-04

478-491 9 2 5.83E~086

431-504 9 3 4.13E-05 .

504-513 S 4 3.73E~0S 0.434 0.1l46 g.08¢9
518-533" 10 1 2.28E-05

533-5486 10 2 1.57E-06

546-559 10 3 1.02E-0s5

559-564 10 4 9.40E-06 0.482 0.191 0.148



VERTICAL TRANSECT
GRAIN SIZE ANALYSIS

‘Transect bearing & distance from central drain (m)

Distance from north edge (m):- . 5.2m (V &)

Correlate with neutron probe tube 2: 6

depth
(cm)

(microns)

d 10 d 16 d 30 d 50

. 51-%5

65-78

78-91

91-104

104-119
119-132
132-146
146~158
158~171
171-185
185-198
198-211 15.966
211~223
223-236
236-250
250-262
262-273
273-287
287-300
300-314
314-319
319-333
333-346
346-359
369-382
382-395
395-409
409-415
415-428
428-434
434-441
441-455
455-463
463-478
478-491
491-504
504-518 4.835
518-533
533-546
5456~559
559-564

2.811 22.1%80 53.375

23.883 43. 67.286

[
o
L)
[
>

33.332 50.464 68.647

v 57.745 65.788 101.867 150.000

2.063 6.5 53.375

=Y
o>

22.190

17.025 36.875 70.370 102.900

8.635 29.922

[e5]
n
1>

2.072 3.

10.141 l6.891 26.111 - 41.336

12.091 27.258 72.221

5.070 27.575 65.361

d 60

83.267
77.067
76.033

173.333

123.600

45.633

54.081
97.733

104.967

7.5m west

7.5 W=

£

246.667




VERTICAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m) :

Distance from north edge (m): 5.2m (V 6)

Correlate with neutron probe tube #: ' 6 .

1
>
(W]

depth , K{(sat) theta (cm3/cn3)
(cm) photo # sample 2 (cm/sec) porosity 1.5 bar 15 bar
564-573 11 1 6.54E-05
578-592 11 2 6.83E~06
582-604 Layer 1 11 3 2.67E-05
604-605 Soil 11 3 2.67E-03
605-517 11 4 3.43E-06 0.616 0.337 0.343
617-627 12 3 4.54E-05
627-640 4 0.490 0.187 0.135

4.00E-04



VERTICAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m): "N
. o IR ; 7

Distance from north edge (m) : ; 5.2mn (V 6)

Correlate with neutron probe tube 2: 6

depth (microns) : :
(cm) d 190 d 15 d 30 d 50 d 60 d 84

564-578
578-5%92
592-604
604-605
605-617 5.084 7.228 10..842 3
617-627

627-640 0.868 2.257 . 10.32¢9 84.631 147.067

i
>
(]
[¢°]

142.667




A-453

VERTICAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): ' N 7.5 W
: : : S 7.5m west
Distance from north edge (m) : - 29.6m (v 7)
Correlate with neutron probe tube 2: 7
depth K(sat) theta (cm3/cm3)
(cm) photc # sample # (cm/sec) porosity 1.5 bar 15 bar
0-11 1 1 1.16E-05
11-25 1 2 2.66E-086
25-38 1 3 1.65E-05
38-51 1 4 1.76E-05 0.545 0.406 0.295
51-62 2 1 2.38E-056
62-76 2 2 8.51E-07
76-89 2 3 6.13E-07
895-94 2 4 6.05E-07 0.614 0.467 0.197
84-106 3 2 1.10E-04
106-120 3 3 4.68E-05
120-133 3 4 2.16E-06 0.622 0.406 0.232



VERTICAL TRANSECT
~» GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m):

Distance from neorth edge (m): 22.6m (V 7)

Correlate with neutron probe tube £: 7
depth (micrens) -

(cm) d 10 d 16 d 30 d 50 d 60
0-11 '
11-25
25-38 ’
38-51 2.0%0 3.546 6.813 17.807 26.976
51-52
62-76
76-89
89-94 1.178 1.84¢9 - 4.202 9.813 13.377
24-106
106-120

120-133 0.970 .-1.549 4.202 9.813 14.143

N7.5W
7.5m wes |

fe

d 84

206.667

36.071

30.087 .




VERTICAL TRANSECT
HYDRAULIC PROPERTIES

N 7.5 W

Transect bearing & distance from central drain (m) :
: o ’ 7.5m west

Distance from north edge (m): 46.9m (V 47)

Correlate with neutron probe tube 2: 8
depth K{sat) : theta (cm3/ca3)
(cnm) photo 7 sample # (cm/sec) porosity 1.5 bar 15 bar
0-11 1 1 7.75E-06
11-25 1 2 1.49E-06
25-38 1 3 8.92E-07 : -
38-31 1 4 8.33E-07 0.534 0.351 0.216
53-62 2 1 3.28E-07
62-75 2 2 2.60E-07
75-88 2 3 4.34E-07 .
8§3-101 2 3.93E-08.. . 0.623 0.433 c.311
107-121 3 1 1.40E-06
121-134 3 2 5.13E-06
134-1438 3 3 4.31E~06 :
1438-152 1.5%E-06 0.5353 0.377 0.132
152-166 4 1 l.63E-04 '
166-179 4 2 2.79E-06
179-183 4 3 1.42E-06
183-20+6 4.21E-05 0.536 0.386 0.2238
211-225 5 1 3.21E-05
225-239 5 2 1.12E-06
239-252 5 3 1.1%E-0s6
252-265 1.19E-06
269-2853 6 1 3.37E-06
285-2938 6 2 5.04E-07
298-311 6 3 3.87E-07
311-324 4.46E-07
324-339 Layer 2 7
339-371 Layer 1 7
371-385 8 1 2.69E-05
385-393 Layer 1 8 2 2.31E-04
393-398 Soil 8 2 2.31E-04
388-412 8 3 1.37E-06 -
412-425 8 4 5.27E-07 0.491 0.203 0.147
429-442 9
442-453 9
455-463 9 :
463-430 ) 0.443 0.183 0.129



VERTICAL TRANSECT
GRAIN. SIZE ANALYSIS

Transect bearing & distance from central drain (m):
*Ting L5 . _ .

Distance from north edge (m): o - 46.9m (V 47)

Cecrrelate with neutrcn probe tube 2: - 8

depth (microns)
(cm) d 10 d 16 d 30 d s0 d 60

0-11
11-25
25-38 |
38-51 11.606 12.632 1
53-62

62-75

75-88

88-101 -~ 0.514 0.708 . 1.608
107-121

121-134

134-143 ,
143-152 0.759  1.181 3.519 7.363 11.974
152-166

166-179

179-193

193-206 4.483 4.3
211-225

225-239

239-252

252-265

269-285

285-293

298-311

311-324

324-339

339-371

371-385

385-393

393-393

398-412 F
412-425 0.470 1.653 15.187 136.800 196.657 967.333
429-442 :
442-455
455-463 -
463-480 1.384 5.103 23.965 92.567  142.667  547.500

. 349 16.7693 20.514

>

.065 5.005

o

|
>
wu
w
(o)
128

7.296 9.05¢5




VERTICAL TRANSECT
HYDRAULIC PROPERTIES

409-412

Transect bearing & distance from central drain (m): N 7.5 W
L : 7.5 wes
Distance from north edge (m): 72.2m (V 75)
Correlate with neutren probe tube 2#: 9
deptt K(sat) theta (cm3/cm3)
(cm) photo 3 # (cm/sec) porocsity 1.5 bar 15 bar

0-13 1 1 4.73E-05
13-26 1 2 4.32E-06
26-40 1 3 1.112-05 ‘
40-53 1 4 2.37E-05 0.644 0.420 0.287
53-64 2 1 2.09E-05
64-78 2 2 2.30E-05
73-21 2 3 1.812-05
S1-103 4.53E-06 0.467 0.222 0.151
103-118 3 1.0 1.18E-03 .
118-131 3 2 3.05E~-04
131-145 3 3 7.31E-05 .
145-157 3.88E-05 0.503 0.077 0.033
157-172 4 1 2.57E-04
172-18s6 4 2 4.03E-03
186-199 4 3 2.452-04
1¢9-211 5.88E-05 0.431 0.211 0.081
211-212 5 1 2.20E-03
212-225 5 2 1.85¢E2-04
225-238 5 3 4.94E-04
238-251 1.25E-03 0.4¢64 0.143 0.049
231-253 6 1 2.03E-05
265-230 6 2 6.02E-06
280-293 6 3 1.132-0s6
293-306 Layer 2 6 4 7.422-07 0.520 0.370 0.240
309-322 lLayer 1 7 1 3.86zZ-03 ‘
322-3386 7 2 7.16E-04
336-344 Layer 1 7 3 1.03E-04
344-349 Soil 7 3 1.05E2-04
345-362 7 4 0.437 0.167 0.125
362-409 8

8 0.4356 0.223 0.164



TERTICAL TRANSECT
GRAIN SIZE ANALYSIS

Transect bearing & distance from central drain (m):

Distance from north edge (m): 72.2m (V 75)

Correlate with neutron probe tube 2: 9

depth
(cm)

(microns)

d 10 d 16 d 30 d 50

——

0-13
13-26
26-40
40-33
53-64
64-73
78-51
91-103
103-118
118-131
131-145
145-157 6.
157-172

172-186

186-199

i18¢e-211 2.
211-212

212-225 ‘
225-238
238-251
251-265
265-280
280-293
283-306
30%-322
322-336
336-344
344-349
349-362
362-409
409-412

2 10.083 18.003 32.756 45.80¢°

1.323 3.729 9.268 22.683

o>
1=
W
o
[0))
>
\0
8

34.733

7.279%9 29.690 6l.21¢

0.706 1.449 3.343

42.550 122.133

0.675 9.639 56.523

d 60

63.523
31.174
65.056
40.133
84.300

13.627

220.000

71.814

600.00




VERTICAL TRANSECT
" HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m):

Distance from north edge (m):

- 78.6m (V 10)

N 7.3 W
7.5m west

Correlate with neutron probe tube 2: 10
depth K(sat) theta (cm3/cm3)
(cm) rhoto sample # (cm/sec) porocsity 1.5 bar 15 kar
0-12 1 1 4.31E-04
12-25 1 2 6.64E-04
25-39 1 3 7.45E-05
38-51 1 4 1.73E-04 0.571 0.137 0.081
51-65 2 1 9.18E-05
65-79 2 2 4.37E-04
79-92 2 3 6.44E-05
©2-102 2 4 3.43E-05 0.373 0.038 0.025
102-115 3 1 1.53E-05
1le-129 3 2 2.34E-05
129-142 3 3 3.16E~04
l42-152 3 4 4.66E-06 0.471 0.192 0.117
152-~165 4 1 2.60E-05
165-173 4 2 1.11E-05
178-192 4 3 2.01E-05
182-203 4 4 4,70E-05 0.4053 0.0653 0.032
203-216 5 1 1.74E-04
216-230 5 2 1.12E-04
230-243 5 3 8.56E-05
243-252 5 4 4.77E-04 0.387 0.064 0.030
252-260 6 1 5.84E-05 :
260-273 6 2 5.859E-05
273-2387 6 3 2.43E-05
287-2¢9 6 4 1.02E-04 0.439 0.081 0.041
289-312 7 1 4.36E-06
312-325 7 2 1.92E-06
325-338 7 3 1.47E-06
338-351 7 4 1.02E-05 0.422 C.089 0.042
363-376 8 1 5.24E-06
376-387 Layer 2 8 2 1.07E-06
Soil 8
413-4186 0.412 0.263 0.201



VERTICAL TRANSECT
.- GRAIN SIZEZ ANALYSIS

Transect bearing & distance from central drain (m): N
: . ' T

Distancewffom nerth edge (m):. , 78.6m" (V 10)

Correlate with neutron probe tube #: 10

e
-
b

depth (microns) - :
(cm) d 10 d 1s d 30 d s0 d 60

0-12
12-25
25-39 , :
36-51 3.67% 12.544 30.908 53.107 63.0%92
51-55
65-79
7¢-982 :
92-102 13.52¢9 18.537 . 35.146 49.063 56.77¢9
102-118
116-129
129-142 . . ~ e
142-152 2.882 5.530 14.239 26.843 34.387
152-165
165-178
178-192
182-203 1
203-216
216-230
230~-243 :
243-252 17.163 39.643 82.567 156.667 190.000
252-260
260-273
273-287
287-29¢ 11.333 18.227 39.737 69.664 87.918
28¢-312
312-325
325-338
333-351 7.388 17.338 36.568 62.845 72.164 144.133
363-376
376-387

Soil
413-416 1.337 4.138 13.963 74.111 132.400

(>
a
()]
=

28.032 60.72% 111.867 141.200




VERTICAL TRANSECT
HYDRAULIC PROPERTIES

Transect bearing & distance from central drain (m): N 7.5 W
' : ' 7.5n west

Distance from north edge (m): 102.3m (V 11)
Correlate with neutron prcbe tube #: » 11
depth R(sat) theta (cm3/cm3)
(cm) photo # sample # (cm/sec) porosity 1.5 bar 15 bkar
0-11 1 1 3.66E-04
11-25 1 2 1.8%=Z-04
25-38 1 3 2.50E-05
38-51 1 4 4.252-04 0.518 0.165 0.130
51-56 2 1 4.23E-02
66-79 2 2 1.0%E-02
78-92 2 3 2.77E-03
92-102 -2 4 1.61E-03 0.5738 0.158 0.100
102-118 3 1 3.41E-03
116-129 3 2 1.18E-03
129-142 3 3 1.42E-03
142-152 3 4 7.18E-03 0.5357 0.084 0.060
152-162 0.574 0.10% 0.083
hardpan _
181-205 4 1 1.80E-03
205-2138 4 2 2.13E-C4
218~-231 4 3 1.21E-03 -
231-246 ! 1.81E-05 0.452 0.187 0.084
246-260 S 1 1.67E-04
260~274 5} 2 6.8%E-04
274-287 5 3 4.38E~-04 '
287-300 5 4 0.424 0.080 0.044
300-313 6 1 4.84E-04
313-326 6 2 7.01E-04
326-339 6 3 3.15E-05
338-345 4.76E-04 0.5038 0.102 0.061
hardpan
372-386 Layer 2 7 1 5.14E-02
386-393 Soil 7 1 5.14E-02
383-406 7 2 2.45E2-02
406-419 7 3 2.38E-02
4195~434 1.40E-03 0.441 0.231 0.1786
450-453 0.414 0.164 0.126



VERTICAL TRANSECT
GRAIN SIZE ANALVSIS

Transect bearing & distance from central drain (m):

Distance from north edge (m): 102.3m (V 11)

Correlate with neutron probe tube #: 11

0-11
11-25
25-38
38-51
51-66
66-79
78-352
©2-102
102-11s6
116-129
125-142
142-152
152-162
hardpan
191-205
205-218
218-231
231-245
246-260
260-274
274-287
BT s00
300-313
313-325
326-339
33%9-345
hardpan
379-386
386-393
383-406
406-419
4128-434
450-453

24.710
18.4353

2.979

24.710

30.71

C.749
0.871

25.323

52.607
31.024

7.022

52.607

37.63

1.2438

3.564

(microns)
d 30

—

£69.703
61.936

23.014

71.028

7.746
23.638

d 50

82.567

65.565

76.033
97.733

50.578

114.800

$1.53

56.511
116.267

d 60

—

118.200

103.933
120.667

113.33

104.867
196.667

210.000

163.333
180.000

135.333 ==

186.67

325.833
1253.333




VERTICAL TRANSECT
THETA/PSI DATA

Transect bearing & distance from central drain (m):

Distance from north edge (m):

Correlate with neutron probe tube #:

sample depth (cm):

Lab data
theta psi
0.381 0.00E+0QQC
0.394 1.25E+01
0.393 2.60E+01
0.386 4.05E+01
0.300 5.40E+01
0.263 6.3353E+01
0.225 7.70E+01
0.191 ©S.10E+01
0.180 1.07E+02
0.1531 1.24E+02
0.141 1.38E+02
0.134 1.54E+02
0.053 5.08E+02
0.045 1.02E+03
0.036 1.53E+03
0.031 3.03E+03
0.023 1.53E+04

258-261

5.2m (V 6)

6

Cutput from van Ganuchten model

psi

C.00E+QQ
1.41%Z+00
1.68E+00
2.C0E+CQO
2.37E+00
2.82E+00
3.35E+00
3.88E+00
4.73E+00
5.62E+C0O
6.68E+C0
7.94E+00
9.44E+00

. 1.12E+01

1.33E+01
1.58E+01
1.88E+01
2.24E+01
2.66E+01
3.16E+01
3.76E+01
4.47E+01
5.312+01
6.31E+01
7.50E+01
8.91E+01
1.06E+02
1.26Z+02
1.50E+02
1.78E+02
2.11E+02
2.51E+02
2.9%E+02
3.53E+02
4.22E+02
5.01Z+02
5.96E+02
7.C8E+02
8.41E+02

theta Rel X
0.3%81 1.00E+0QO0
0.321 9.98E-01
0.391 ¢.87E~01
0.391 9.96E-01L
0.391 9.94E-01
0.391 9.92E-01
0.321 9.90E-01
0.391 9.86E-01
0.391 9.81E-01
0.3%1 9.74E-01
0.3%1 9.63E-01
0.390 9.53E-01
0.3%0 ©9.37E-01
0.389 9.15E-01
0.388 8.85E-01
0.387 8.46E-01
0.334 7.95E-01
0.381 7.29E-01
0.375 6.47E-01
0.366 5.4%E-01
0.352 4.38E-01
0.333 3.22E-C1
0.308 2.15E-01
0.277 1.28Z2-01
0.243 6.7%E-02
0.207 3.20E-02
0.173 1.37E-02
0.143 5.3%E-03
0.118 2.01E-03
0.028 7.16E-04
0.083 2.49E-04
0.071 8.51E-05
0.062 2.87E-05
0.056 ©9.60E-06
0.0351 3.21E-086
0.047 1.07E-06
0.044 3.55E-07
0.042 '1.18E-07
0.041 3.91E-08

LD WOORHN N WWE DS 0000010 G

Abs X

5.11E-06
5.10E-06
.10E-06
.08E-06
.0SE~-06
L08E-06
.06E~06
.04E-06
.02E-06
.88E~05
.94E-06
.837E-06
.7%E-056
.68E-06
.532-06
.33E-06

.73E-06
.31E-06
.81E-06
.24E-06
.65E-06
.10E-06
.56E-07
.47E-07
L64E-07
.99E~08
.76E-08
.03E-08
.66E-09
.27E-09
4.35E-10
1.47E~-10
4.91E-11
1.64E-11

5.46E-12

1.82E-12
6.03E-13
2.00E-13

.06E~06 .

7.5 W

7.5m west

Diffus

5.80E-02
4.26E-02
3.11E-02
2.27E-02
1.632-02

"1.20E-02
. 8.61E-03

6.14E-03
4.33E-03
3.02E-03
2.07E-03
1.39E-03
9.10E-04
5.80E-04-
3.53E-04
2.15E-04

‘1.25E-04

7.13E-05
3.98E-05
2.19E-05
1.1%E-05
6.43E-06
3.46E-06
1.85E-06
9.92E-07
5.28E-07
2.83E-07
1.51E-07
8.06E-08
4.30E-08
2.30E-038



Lab data
theta

psi

———

Output from van Genuchtsn medel

psi

1.00E+03

1.19E+03
1.41E+03
1.63E+03
2.00E+03
2.37E+03
2.82E+03
3.35Z+03
3.88E+03
4.73E+03
5.62E+03
6.63E+03
7.94Z+03

theta

0.040
0.039
0.033
0.038
0.038
0.037
0.037
0.037
0.037
0.037
0.037
0.037
0.037
0.037
0.037
0.037
0.037

Rel KX

1.30E-08
4.30E-09
1.42E-09

4.72E-10

1.56E-10
5.18E-11
1.72E-11
5.68E-12

1.88E-12.

6.24E-13
2.07E-13
6.85E-14
2.27E-14
7.51E-15
2.4%E-15
8.24E-186
2.73E-16

Abs K

6.63E-14
2.20E-14
7.28E-15
2.41E-15
8.00E-16

2.63E=156

8.77E-17
2.91E-17
9.563E-18
3.12E-13
1.06E-18
3.50E-19
1.16E-19
3.84E-20
1.27E-20
4.22E-21
1.40E-21

Diffus

1.232-08 i

6.54=Z-09
3.48E-09
1.86Z-09
2.93E-10
5.30E-10
2.832-10

'1.51E-10

8.04E-11

4.29E-11

2.28E-11
1.22E-11
€.51=-12
3.47E-12

'1.85E2~-12

$.89E~13
5.27E-13

i i




VERTICAL TRANSECT
- THETA/PST DATA

. '—‘
-

Transect bearing & distance fronm central drain (m): N 7.5 W
g T » ' _ . 7.5m west
Distance from north edge (m): 46.9m (V 47)
Correlate with neutron probe tube #: 3
sample depth (cm): ©103-106
Lab data Output from van Genuchten model
theta psi psi theta Rel K Abs K Diffus
0.623 O0.00E+00 0.00E+00 0.628 1.00E+00 3.%93E-08
0.625 1.00E+01 1.41E+00 0.6283 3.01E-01 1.19E-08 4.31E-05
0.612 1.90E+01 1.63E+00 0.628 2.87E-01 1.13E-08 4.00E-05
0.616 2.63E+01 2.00E+00 0.628 2.73E-01 1.07E-08 3.69E-0S5
0.612 4.00E+01 2.37E+00 0.627 2.58E-01 1.02E-08 3.40E-05
0.605 5.90E+01 2.82E+00 0.627 2.44E-01 9.59E-09 3.13E-05
0.589 8.70E+01 3.35E+00 0.627 2.30E-01 9.03E-09 2.87E-05
0.580 1.12E+02 3.98E+00 0.627 2.15E-01 8.47E-09 2.62E-05
0.580 1.32E+02 4 .73E+00 0.627 2.01E-01 7.91E-09 2.38E-05
~0.571 1.61E+02 5.62E+00 0.626 1.87E-01 7.36E-09 2.16E-05
0.506 5.08E+02 6.68E+00 0.626 1.73E-01 6.81E-09 1.95E-03 "
0.468 1.02E+03 7.54E+00 0.626 1.60E-01 6.27E-09 1.76E-0QS5
0.433 1.53E+03 9.44E+00 0.625 1.46E-01 5.75E-09 1.53E-05
0.3%89 3.05E+03 1.12E+01 0.624 1.33E-01 5.23E-09 1.41E-05
0.348 7.12E+03 1.33E+01 0.624 ‘1.20E-01 4.73E-09 1.25E-Q5
0.311 1.53E+04 1.358E+01 0.623 1.08E-01 4.25Z-09 1.10E-05
, 1.83E+01 0.621 9.63E-02 3.7%9E-09 9.71E-06
2.24E+01 0.620 B8.50E-02 3.34E-09 8.49E-06
2.66E+01 0.618 7.44E-02 2.93E-09 7.38E-06
3.16E+01 0.616 6.44E-02 2.53E-09 6.38E-06
3.76E+01 0.614 5.52E-02 2.17E-09 5.49E-06
4.47E+01 0.611 4.67E-02 1.84E-09 4.69E-06
5.31E+01 0.608 3.90E-02 1.54E-09 3.98E-05
6.31E+01 0.604 3.22E-02 1.27E-09 3.36E-05
7.50E+01 0.600 2.62E-02 1.03E-09 2.82E-06
8.91E+01 0.595 2.0%E-02 8.23E-10 2.36Z-06
1.06Z+02 0.589 1.63E-02 6.4%E-10 1.96E-06
1.26E+02 0.5833 1.28E-02 5.04E-10 1.62E-06
1.50E+02 0.576 ©S.80E-03 3.85E-10 1.34E-06
1.78E+02 0.5683 7.37E-03 2.90E-10 1.10E-06
2.11E+02 0.559 5.47E-03 2.15E-10 8.97E-07
2.51E+02 0.550 4.00E-03 1.57E-10 7.31E-07
2.99E+02 0.541 2.8%E-03 1.13E-10 5.95E-07
3.55E+02 0.531 2.06E-03 8.09E-~11 4.84E-07
4.22E+02 0.520 1.45E~-03 5.70E-11 3.92E-07
5.01E+02 0.509 1.01E-03 3.98E-11 3.18E-07
5.96E+02 0.498 7.01E-04 2.75E-11 2.57E-07
7.08E+02 0.4837 4.81E-04  1.89E-11 2.08E-07
8.41E+02 0.476 3.28E-04 1.29E-11 1.63E-07



Lab data ' 'Output from van Genuchten model

theta psi psi theta Rel K Abs K Diffus
1.00E+03 0.465 2.22E-04 8.75E-12 1.35E-07
1.19E+03 0.454 1.50E-04 5.90E-12 1.09E-07
1.41E+03 0.443 1.01E-04 3.97E-12 8.822-C
1.68E+03 0.432 6.75E-05 2.66E-12 7.122-08
2.00E+03 0.421 4.51E-05 "1.77E-12 '5.74E-08
2.37E+03 0.411 3.00E-05 1.18E-12 ”4:63E-q§€
2.82E+03 0.400 2.00E-05 7.85E-13 3.73=-0.
3.35E+03 0.390 1.33E-05 5.21E-13
3.98E+03 0.280 8.78E-06 3.45E-13
4.73E+03 0.371 5.81E-06 2.29E-13
5.62E+03 0.361 3.84E-06 1.51E-13
6.68E+03 0.352 2.54E-06 9.99E-14
7.94E+03 0.343 1.68E-06 6.60E-14
9.44E+03 0.334 1.11E-06 4.33E-14
1.12E+04 0.326 7.31E-07 2.87E-14
1.33E+04 0.318 4.82E-07 1.89E-14
1.58E+04 0.309 3.18E-07 1.25E-14

4




S NEUTRON PROBE DATA
. (MOISTURE CONTENT CM3/CM3)

Tube #: 6
Bearing & Distance from central drain : N 340, 38.7 (m)
Depth Julian date (reference 1/1/86)
(cm) 85 135 177 263 276
30.48 0.278 0.2%0 0.312 0.247 0.226
60.96 0.152 0.163 0.149 0.161 0.174
91.44 0.131 0.1338 0.132 0.132 0.167
121.82 0.099 0.111 0.096 0.11s6 0.133
152.40 0.082 0.083 ©.082 0.092 0.092
132.88 0.159 0.169 0.154 0.1538 0.182
213.386 0.064 0.078 0.064 0.065 0.075
243.84 0.082 0.108 ° 0.084 0.083 0.0s4
274.32 0.072 0.080 0.074 0.086 0.082
304.80 0.237 0.263 0.241 0.082 0.236
335.28 0.223 0.250 0.231 0.238 0.225
365.76 0.030 0.102 0.083 0.219 0.083
3¢6.24 0.167 0.183 0.164 0.038¢C 0.166
426.72 0.125 0.1456 0.127 0.160 0.127
457.20 0.316 0.345 0.327 0.127 0.320
487.58 0.172 0.177 0.172 0.327 0.169
518.16 0.166" 0.183 0.174 0.181 0.171
548.¢4 0.304 0.328 0.306 0.181 0.313
579.12 0.269 0.287 0.270 0.315 0.276
605.60 0.223 0.244 0.31L9 0.272 0.230
640.08 0.333 0.343 0.335 0.218 0.340
670.56 0.305 0.322 0.312 0.333 0.30¢9
701.04 0.204 0.213 0.202 0.200 0.20¢9
731.52 0.229 0.242 0.227 0.240 0.231
762.00 0.292 0.313 0.2%7 0.303
792.48
822.96
853.45

883.42



A-60

.. NEUTRON PROBE DATA
-+ (MOISTURE CONTENT CM3/CM3)

Tube #: 9

Bearing & Distance from central drain : N 188, 26.2 (m)

Depth Julian date (reference 1/1/36)
" (cm) : 85 135 177 268 276
30.43 0.511 0.330 0.553 0.541 0.5350
60.%6 0.356 0.3753 0.364 0.351 0.3862
- 91.44 ° 0.383 0.39s6 0.382 0.3983 0.403
121.92 0.258 = 0.264 0.260 0.233 0.304
152.40 0.310 0.320 0.320 0.320 0.333
182.838 0.133 0.126 0.127 0.145 0.163
213.36 0.143 0.143 0.142 0.160 0.174
243.84 0.164 0.163 ° 0.161 0.214 0.235
274,32 0.363 0.381 0.357 0.401 0.424
304.80 0.470 0.4853 0.474 0.470 0.450
335.28 0.359 C.354 0.354 0.3380 0.421
365.76 0.383 0.3%82 0.382 0.392 0.416
386.24 0.326 0.326 0.319 0.331 0.4238
426.72 0.376 0.393
457.20
487.68
518.16
548.64
579.12
609.60
640.08
670.56
701.04
731.52
762.00
792.43
822.¢86
853.45

883.42




NEUTRON PROBE DATA
(MOISTURE CONTENT CM3/CM3)

883.42

Tube #: 10
Bearing & Distance from central drain : N 190, 36.9 (m)
Deptl Julian date (reference 1/1/86)
(cm) 85 135 177 263 276
30.43 0.373 0.3¢7 0.444 0.336° 0.312
60.96 0.265 0.324 0.284 0.267 0.273
$1.44 0.165 0.210 0.163 0.161 0.173
121.82 0.102 0.137 0.106 0.100 0.110
152.40 g.101 0.138 0.108 0.100 0.112
132.83 0.122 0.159% 0.127 0.123 0.132
213.36 0.126 0.159 0.127 0.120 0.131
243.84 0.122 0.183 0.123 0.120 0.136
274.32 0.080 0.117 0.083 0.08s6 0.0%99
304.80 0.124 0.177 0.121 0.126 0.133
335.28 0.256 0.311 0.2561 0.249 0.303
365.76 0.135 0.184 0.134 0.142 0.202
396.24 0.393 0.455 0.3%4 0.386 0.454
426.72 0.345 0.402 0.352 0.349 0.404
457.20
487.68
®18.16
548.64
579.12
609.60
640.08
670.56
701.04
731.52
762.00
792.43
822.986
853.45

A-61



NEUTRON PROBE DATA
MOISTURE CONTENT CM3/CM3)

N 186, 60 (m) -

(reference 1/1/86)

Depth Julian date
(cm) 85 135 177 2638 276
30.438 0.340 0.344 0.340 0.288 0.325
60.96 0.110 0.127 0.108 0.105 0.139 .
S1.44 0.138 0.161 0.143 0.134 0.161
121.92 0.091 0.107 0.091 0.090 0.117
132.40 0.134 0.155 0.138 0.137 0.177
182.88 0.109 0.131 0.110 0.109 0.155
213.36 0.077 0.103 0.078 0.077 0.101
243.84 0.123 0.142 0.125 0.121 0.157
274.32 0.066 0.088 0.066 0.06s8 0.087
304.80 0.089 0.107 0.039 0.088 0.126
335.238 0.123 0.150 0.129 0.128 0.170
365.76 C.147 0.173 0.144 0.144 0.190
396.24 - 0.219 . 0.253 0.225 0.220 0.263
426.72 0.1%89 0.223 0.199 0.196 0.243
457.20
487.68
518.16
548.64
579.12
609.60
640.08
670.56
701.04
731.52
762.00
792.438
822.96
853.45

883.42

A-62




APPENDIX J

Sample statistics from laver 1 and underlving soil

Sample statistics for the first layer are listed belcw.
These valqes (mean and standard deviation) wers found toivary
greacly from the overlying second layer. The standard deviation
values, as a whole, tend to be less in the firsk layer._ This

The mean values of the 3
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signifies a mor
transects decresaszs to the north. This 1is the same pattern

that exists along the second layer from the south edge towards

_the center. Any.interprstations made using the sample statistics

from the first layer should be done with caution due to the

paucity of data from this layer.

‘ _ - TABLE J1

Vertical transacis statistics: LAYER 1

units: see table 2

Variable, transect: £ of samples Mean Std deviaticn Range

log X, Ve i1 ~5.071 0.455 1.420
1 Va7 2 -4.103 0.467 0.934
*o, V75 3 -3.179 0.639 1.564
n , \AS 3 0.485 0.003 0.007

b5 Ve 3 0.151 0.030 0.074
b , V& 3 0.104 0.032 0.073
d,, vé 3 6.682 2.448 5.306
d,e Ve 3 12.833 3.050 7.538
d;, ,. V6 3 26.981 0.629 1.464

d,, Vs 3 59.639 13.242 30.885

d, , V6 3 85.594 22.4738 ~ 50.886

d,, V6 3 172.608 79.084 192.178

GM |, V6 3

43.904 6.892 © 15.685




Soil

The sample statistics from the underlying soil would lead
one to believe that a great deal of variabilty exists in this
horizon as well. However, this variability is believed to be due

more to sampling error than actual variablity in the soil. The

soil is vers corly sorted with 0.5 to 2.0 em diameter pebbles
Y _

common. These pebbles made sampling quite difficult and often

times impossible. Cecntacting these pebbles during samrling

destroyed the shelby tube's cutting edge and severely affected

s

to this, piping occurred in
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approximately half of +the soil sanples during permeability

tests. Permeability measursments taken from samples where piping

1

was suspected were discarded. Therefore, it 1is quite possible

}

that, due to the effects of piping, the actual log X mean value

is lower than the calculatad value lis+t=d.

TABLE J2

Vertical trznsects statistics: SOITL

units: sese table 2

Variable # of samples Mean Std deviation Range
log X 3 -4.691 0.994 2.641

n 9 0.467 0.059 0.204
b5 ° 0.224 0.065 0.223
8.5 ) 0.174 0.064 ~ 0.218
4y, 9 1.429 1.327 4.614
ds 9 3.404 1.932 6.177
d,, 9 17.551 10.415 = 34.804
ds, 9 85.9586 32.297 102.382
d, 9 150.5456 44.497 143.136
dq, 9 628.500 300.387 1050.000
GM 9 44.262 17.910 = 53.746




00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
012C0
01300
01400
01500
01600
01700
01800
01800
02000
02100
02200
023¢C0
02400
02500
02600
02700
02800
02200
03000
C3100
03200
03300
03400
03500
03600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
03000
05100
05200
05300
05400
053500
05600
05700
05800
05800
- 06009
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APPENDIX X

. Computer code for program: VGRAM

THIS PRCGRAM COMPUTES THE VARIOGRAM ('R3IW VA CGR:V')
FOR EACH CPAIIAL VARIABLE (UP TO 7).

EXPERIMENTAL VALUES ARE IN 2-DIMENSICNATL C?A AND MY
BE UNEVENLY SPAC”D

USUAL STATISTICAL MCMENTS ARE ALSO CONDerD.

NVR( ): DUMMY VECTOR

X(I),¥(I): COCRDINATES OF THE EX
CARTESIAN CCORDINATE
DOWN LEFT (ALL VALUES

PERIMENTAL VALUEZ # I
SYSTEM. RBITRARY CRIGIN
IN THE TIRST QUADRANT)

P THE ATI

J(n |_1

Z¢ , ): EYD?RIMENTAL VALUES O PATIAL VARIABLES

CEET( ): . CUT-CFF VALUES FOR THEZ VARI2SLES. IF Z(.,I)
.LE. OF (I),THIS VALUE IS DISCARDED FRCM THE
ANALYSIS.

NC1( ): # OF COUPLES

AL( ): AVERAGE LENGTHS

YVG( ): VARICGRAM VALUES

STE?P: BASIC VALUE OF H.SHQULD BE 2RCUND l/lOO OF THE
DIAMETER OF THE REGICN. _

NVAR: # OF VARIABLES (UP TQ 7)

NEV: . # OF EXPERIMENTAL VAIUZS (UP TC 200)

MNP: MAXTMUM # OF POINTS ON THE ABSISSA OF THE GRAP!

=# OF STEPS + 1

DIMENSICN SaN(10),CAN(10)
DIMENSION NVR(7),O0FF(7),ALODAT(7,200),VGODAT(7,200)
COMMON STZP,MNP,NDI,DA,ALP(10)

COMMON /ISAREL/X(200),Y(200)/SYLVIE/Z(200,7)

COMMON /JACK/NC(250),AL0(250),VG0(250)

DOUBLE PRECISION IFLN

C———mmmm INPUT
TYPE 1000
1000 FORMAT(1X,'# OF EXPERIMENTAL VALUES (UP TO 200):'$)
ACCZET 1010, NEV y
1010 FORMAT(I)
TYPE 1020
1020 FORMAT(1X, '# OF VARIABLES (UP TO 7):'S)
ACCEPT 1030,NVAR _
1030 FORMAT(I)
TYPE 1040
1040 FORMAT(1X, 'STEP: '/1X, ' (BASIC VALUE OF H, RROUND 1,/100 DIZM.
1 'OF THE REGION,F FORMAT)') :
ACCEPT 1050,STEP
1050 FORMAT(F)
TYPE 1060
1060 FORMAT(1X, 'MAX # OF PTS. ON THE ABSISSA OF THE GRAPH'/
1 (=% STEPS + 1,INTEGER FORMAT):'S$) 4
ACCEST 1070,MNP
1070 FORMAT(I)
TYPE 1080
1080 . FORMAT(1X,'WHAT IS THE INPUT FI E NAME:'S)
ACCEPT 1090, IFLN
1090 FORMAT(A10)
TYPE 1091 .
1091 FORMAT{ ' INPUT 0 FOR ISOTROPIC CASE, 1 FCR ANISOTROPY:'$)
ACCEPT 1092, ISOTPY
1092 FORMAT(T)

IF(ISOTPY .EQ. 0)GO TO 507

~gYPE 501



06100

06200

06300
06400
06500
06600
06700
06800
06200
07000
07100
07200
07300
07400
07500
07600
07700
07800
07900
08000
081¢C0C
08200
08300
08400
08500
0g600
08700
0geoo
08300
09000
09100
03200
03300
028400
035500
05600
09700
08800
gececo
10000
10100
10200
10300
10400
10500
10600
10700
10800
10900
-11000
11100
11200
11300
11400
11500
11600
11700
11800
11800
12000

501 FORMAT(' HOW MANY DIRECTIONS DO YOU WANT:'S)
) ACCEPT 3502,NDI . _
502 FORMAT(I) '
TYPE 503
503 FORMAT(' WHAT IS DELTA-ALPHA:'S)
’ ACCEPT 504,D2A
504 FORMAT(F)
TYPE 505 : :
305 FCRMAT(' INPUT ALPHA VALUES, DECIMAL, SEPARATED 3Y A SPaC
ACCEPT 3506, (ALP(I),I=1 NDI) -
S086 FO“MNT(WO“)
507 CONTIN

OP’“(UV'T—22,ACC“SS 'SEQIN',FILE=IFLN)
READ(22,1100) (OFF(I),I=1,NV2R)
1100 FORMAT( 7F)
READ(22,1110)(X(I),I=1,NEV) !CCORDINATES
READ(22,1110)(¥(I),I=1,NEV)
READ(22,1110)((2(I,J),I=1,NEV),J=1,NVAR) IVARIZ
1110 FORMAT(8F)
CLOSE(UNIT=22,FILE= I:LN)
WRITE(3,1120)
WRITE(5,1120)

1120 FORMAT (15X, 'COORDINATES OF THE EXPERIMENTAL POID
1 'POINT NO. X-AXIS Y-2XIS'/)

DO 10 I=1,NEV
WRITT(3,1130)T,%(I),Y(I)
WRITZ{S5,1130)I,X(I),¥(I)

1130 FORMAT(18X,I3,9X,F8.2,6X,F8.2)
10 CONTINUE _
» WRITE(3,1140)
WRITE(5,1140) ,
1140 FORMAT(//10X, 'EXPERIMENTAL VALUES'/)
DO 20 I=1,NVaAR
NVR(I)=T
20 CONTINUE

WRITE(3,11350) (NVR(I),I=1,NVAR)

WRITE(S,__:O)(NVR(I),I=1 NVAR)

1150 FORMAT(2X, 'VARIABLE NO.',5X,10(7X,I2))

DO 30 I=1,NEV
WRITE(3,1160)I,(Z(I,J),J=1,NVAR)
WRITZ(S5,1160)I,(Z(I,J),J=1,NVAR)

.2LES -

'.-.S'/lSX,

1160 FORMAT(15X,1I3,2X,10(2X,F7. 2))
30 CONTINUE
Crmm—= DO VARICGR2M CALCULATICNS
DO 50 INDEX=1,NVAR
I=INDEX

IT(ISQTPY .EQ. 0)CALL VRGM(I,NEV,C
IF(ISCTPY .EQ. 1)CALL ANISCT(I,NEV
50 CCONTINUE
IF(ISOT?Y .-Q 1)GO TO 52
DO 51 K=1,M
ALODAT(I,K)=ALO(K)
VGODAT(I,XK)=VGO(K)

-
Iy
14

£(I))
CFF(I))

51 CONTINUE
GO TO 53
52 CONTINUE
DO 53 K=1,NDI*MNP
ALCDAT(I,K)=ALO(K)
VGODAT(I,K)=VGC(K)
53 CONTINUE

!'VARICGRAM CCi




1250
9999

OPEN(UNIT=23,ACCESS='SEQOUT',FILE='VGRAM.PLT')

IF(ISOTPY .EQ. O)WRITE(ZB 1250) (( (ALODAT(I,X), VGODAT(I, X)), X~1
MNP),I=1,NV2R)

TF(ISOTPY .EQ. 1)WRITE(23,1250)(((ALODAT(I,X),VGODAT(T ,X)), K=1
NDI*MNP),I=1,NVaR)

FORMAT( 2F)

CLOSE(UNIT=23)

STOP

END

is

——CCMPUTZ STATISTICAL MCMENTS

SUBRCUTINE VRGM(I,NEV,CUT)
COMMON/J2CX/NC(250) , 2L0(250) ,VGO(250) /SYLVIZ %,/2(200,7)
COMMON/ISASEL/X(200),Y(200)
COMMON STEP,MNP
DOUBLE PRECISION T,U,V,W,DSQRT

U=0.0

v=0.0

DO 40 J=1,NEV
U=U+2(J, 1)
V=V+(2(J,I)*2(J, 1))
CONTINUE .
U=U/NZV IMTAN
V=V/NZV-U*U IVARIANCE
W=DSCRT(V) { STANDARD DEVIATICN
T=V/U IVARIATICN COEFTICIENT
DO 10 J=1,MNP
NC(u) =0
27.0(J)=0.0
VGO(u)=O
CONTINUE
HMAX=(MNP-1)*STE : {COMPUTE MAX LENGTH
HMAXS=H ”AX*“VHY ICF H

~—LOOK rCR THE COUPLES AND COUNT THEM -

NP=NEV-1
bo 20 M=1,NP
L=M+1"
DO 20 J=L,NZV
IF(Z(J,I).LE.CUT)GO TO 20
IF(Z(M,I).LE.CUT)GO TO 20
XX=X(JT)-X(M)
YY=Y(J)-Y (M)
HS=XX*XX+YY*YY
IF(HS+1.E-20-4MAXSY15,15,20
H=SQRT(HS)
LEO=H/STEP+1.0
NC(LFQ)=NC(LFO)+1 ICCUNTING (CLASSES)
ATO(LFQ)=ALO(LFO)+H | CUMUTLATING]
DZ=2(J,I)-Z(M,I) ILENGTHS ]
VGO(LFO)=VGO(LFO)+0.5*DZ*DZ !LCOK AT VARICGRAM FORMULA
CONTINUE
AVERAGE VALUES
DO 30 J=1,MNP
A=AMAX0(1,NC(J))
ALO(J)=ALO(J)/A
VGO(J)=VGO(J) /A
CONTINUE

WRITE(3,1170)I,NEV

U,V W
WRITE(S,1170)I,NEV.U.V. W

W, T
/T



1170

W)

CONTI
RETUR
END

SUBRQ

N

FORMAT(1HL,SO('*'), 'VARIABLE NO.',I3,50('=')/5X,'NO.
' DATA:' I4//5X, ' **STATISTICAL MOMENTS**'/3X, 'MEAN=',
/3%, 'VARIANCE=',E1l.4/3X, 'STANDARD DEVIATION=',6E1l.4,7
'VARIATION COEFFICIENT=',E11.4)

WRITE(3,1180)STEP .

WRITE(S5,1180)STEP

FORMAT(//7X, 'RAW VARIOGRAM'/7X,'ALL DIRECTIONS',/7X,
'STEP=',F7.2) _ - :
WRITE(3,1190) R
WRITE(5,1190) T
FORMAT(1HO, 'ALL DIRECTIONS'/1HO,10X,'STE? NO. OF',
' COUPLES  AVERAGE DISTANCE  VARIOGRAM',/lH )
K=1,MNP . '
WRITE(3,1200)K,NC(X),ALO(K),VGO(K)
WRITE(5,1200)K,NC(K),ALO(K),VGO(K)

FORMAT(1H ,I12,110,5X,F14.2,5%,E17.4)
NUE .

UTINE ANISOT(KKXX,ND,CUT)

C

C SEMI-VARIOGRAM IN TWQ DIMENSIONS.

Cc IRREGULAR GRID. THERE MAY BE MISSING DATA.
C CALCULATION BY ANGLE AND DISTANCE.
C
C

OBTAINED FROM "MINING GEOSTATISTICS" BY JOURNEL AND

HUIJBREGTS.

——————— PARAMETERS
Z{ND,XXX): DATA ARRAY .
X(ND),Y(ND): X AND Y COORDIMATES OF POINTS

ND: : NUMBER CF POINTS ’

MNP : MAXTMUM NUMBER OF CCMPUTATION LAGS
STEP: LENGTH OF STEP

NDI: NUMBER OF DIRECTIONS

NC(MNP*NDI): NUMBER OF COUPLES,/LAG/DIRECTION
VGO (MNP*NDI): VARICGRAM VALUES/LAG/DIRECTICN
ALO(MNP*NDI): AVERAGE DISTANCE/LAG/DIRECTION
U: AVERAGE OF VALID DATA

V: VARIANCE OF VALID DATA

N NUMBER OF VALID DATA

OOOOOOOOOOOOOO

00

~————=—CAPACITY: 10 DIRECTIONS
DIMENSION CAN(10),SAN(10)
COMMON STEP ,MNP,NDI,DA,ALP(10)

COMMON/J2 K/NC(2SO),ALO(2SO),VGO(2SO)/SYLVIE/Z(200,7)

COMMON/ISABEL,/X(200),Y(200)
DATA IA/' '/

C——=————-INITIALIZE
: PI=3.14159265
DALPHA=DA
.IF(DA .LE. 0.0)DALPHA=45.0
DO 1 KD=1,NDI
ALPHA=PI*ALP(KD)/180.0
CAN(XD)=COS(ALPHA)
SAN(XD)=SIN(ALPHA)
CONTINUE
THETA=PI*DALPHA/180.0
CDA=COS ( THETA)
DO 10 IK=1,MNP*NDI
NC(IK)=0

[ ad

ALP(NDI): ANGLES DEFINING DIRECTIONS WRT X-AXIS (DEGRE
: WIDTH OF ANGLES. IF DA=0, 45 DEGREES IS ASSU




24100
24200
24300
24400
24500
24600
24700
24800
24900
25000
25100
25200
25300
25400
25500
25600
25700
25800
252800
26000
26100
26200
26300
26400
26300
26600
26700
26800
26900
.27000
27100
27200
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
289800
28000
29100
29200
29300
2%400
29500
29600
29700
29800
29900
30000

ALO(IXK)=0.0
A VGO(IX)=0.0
10 CONTINUE
IF(Z(ND, XXK)-CUT)12,12,13
12 CONTINUE
N=0
U=0.0
V=0.0
GO TO 11
13 CONTINUE
N=1
U=Z (ND, XXX)
v—Z(wD,xxx)* (ND, KKX)
11 CONTINUE

A-69

C—————- COMPUTE SEMI-VERIOGRAM 1, NEW POINT
ND1=ND-1
DO 2 I=1,NDl
VR1=Z(I,XXX)
IF(VRl .LE. CUT)GO TO 2
N=N+1
U=U+VRL
V=V+VR1*VR1
Il=I+1

o NEW LAG
DO 21 J=I1,ND

IF(Z(J,KKX) .LE. CUT)GO TO 21
DX=X(J)=-X(I)
DY=Y(J)-Y(I)
H=SQRT (DX*DX+DY*DY)
IF(4 .LT. 1.0E-03)GO TO 25
K=INT(H/STEP+0.5)+1
HS=H*H
HMAX=(MNP-1)*STE
HMAXS=HMAX* EM2 x

. IF((X .GT. MNP) .CR. ((HS-HMAXS) .GT.

1 GO TO 21

1.0E-20))

C————— NEW DIRECTION
DO 22 KD=1,NDI

COSD=(DX*CAN({XD)+DY*SAN(XD) )/H

IF(ABS(COSD) .GE. CDA)GO TO 23

22 CONTINUE
GO TO 21
23 CONTINUE

IK=K+MNP* (KD-1)
NC(IX)=NC(IX)+1l
ATO(IK)=ALO(IK)+H
VRR=Z(J, KKK)-VR1
VGO (IX)=VGO(IK)+0.5*VRR*VRR
GO T0 21
25 CONTINUE
WRITE(3,2000)I,X(I),¥(I),T,.X(J),¥(T)
. WRITE(3,2000)I,X(I),Y(I),J,X(J), Y(J>
21 CONTINUE

2 CONTINUE
1333 CONTINUE
C-—=——-—-RESULTS

IF(N .EQ. 0)GO TO 3
V=(V-U*U/FLOAT(N) ) /FLOAT(N)
U=U/FLOAT(N)

DO 30 IK=1,MNP*NDI



30100
30200
30300
30400
30500
30600
30700
30800
305900
31000
31100
31200
31300
31400
31500
31600
31700
31800
31800
32000
32100
32200
32300
32400
32500
32600
32700
32800
32300
33000
33100
33200
333090
33400
33500
33600
33700
33800
33%00
34000
34100
34200
34300
34400

C———— PRINT RESULTS

43
42
41
2000

2001
2002
2003
2004

2005
2006

oo

A=AMAX0(1,NC(IK))

ALO(IK)=ALO(IK)/A
VGO( IK)=VGO(IXK)/A
CONTINUE
CONTINUE

IMP=(NDI-1)/5+1
IDM=FLOAT(NDI)/FLOAT(IMP)+0.9999
DO 42 IM=1,IMP
WRITE(3,2001)IM
WRITE(S,2001)IM
WRITE(3,2002)U,V,N
WRITE(S,2002)U,V,N
ID1=1+IDM~*(IM-1)
ID2=MINO(NDL, IDM* IM)
WRITE(3,2003)DALPHA,STEP, (IA, ID, ID=ID1, ID2)
WRITE(S,2003)DALPHEA,STEP, (IA,ID, ID=ID1, ID2)

* WRITE(3,2004)(ALP(ID),ID=ID1,ID2)

-« WRITE(S,2004) (ALP(ID),ID=ID1,ID2)
WRITE(3,2005)(Ia,ID=ID1,ID2)
WRITE(S5,2005)(IA,ID=ID1,ID2)

IXKO=MNP* (ID1-1)
TKM=TIXO+MNP* ( ID2-ID1)
DO 43 K=1,MNP
IX1=K+IKO
IX2=K+IxM
WRITE(3,2006)K, (NC(IX),ALO(IK),VGO(IK), IX=IX1,IK2,M
WRITE(S,2006)X, (NC(IX),ALO(IX),VGO(IX), IX=IK1, IX2
CONTINUE :
CONTINUE
CONTINUE
FORMAT(1H ,'**DOUBLY DEFINED POINT**DATUM',I4,' X='
F9.4,'Y="',F9.4,' DATUM',I4,' X=',F9.4,' Y=',6F9.4)
FORMAT(1H1,53X, 'SEMI-VARICGRAM ',38X,'***PAGE:',I2,/54X,
'**************',IOX,'(IRRLGULAR GRID 2 DIMENSIONS)'/)
FORMAT(1H ,' AVERAGE=',F10.5,8X, 'VARIANCE=', E1l.5,
' NUMBER OF DATA=',IS)
FORMAT (1H , 'DIRECTION TOLERANCE=',6F4.1,' DEGREES, STEp=',
F7.2,/14 ,5X,'1',5(A1,5X, 'DIRECTION' ,12,6X,'!"))
FORMAT(1H ,5X,'!',5(3X,F7.1,' DEGREES',S5X,'!"))
FORMAT(1H ,' IAG !',5(Al, 'NC DISTANCT VARICGRAM!'))
FORMAT(1H ,1X,I3,' !',5(I3,1X,F7.2,1X,E11.5, 1'))
RETURN
END
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Variograms of detrended log K values
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APPENDIX M

Computer code for program: XRIG

THIS PRCGRAM SOLVES FOR "KRIGING WEIGHTS" (LAMBDA(I,T),
IN THEZ SYSTZM GX=Y WHERE G,X AND Y ARE MATRICES.
GAMMA(I,J) ARE THE ELEMENTS OF MATRIX 'G'

GAMSTA(I,J) ARE THE ELEMENTS OF MATRIX 'Y’

WE THEN MAXE PREDICTIONS AND GIVE PREDICTICN VARIANCES

()OOOOOOOODOOOOOOO'OOO(’)OO(’)OOOOO

VARIABLES:

A,B: PARAMETERS TO THEE VARIOGRAM FUNCTIONS

C: MEASUREMENT ERRCR

N: THEZ NUMBER OF X-Y PAIRS (<125)

IFLN: CONTAINS THE INPUT DATA FILE NAME

FORMI1-FORMS: DATA FORMATS FOR THE X,Y AND 2 VALUES

Ml: THE NUMBER OF X? POINTS,<21

M2: THE NUMBER OF YP PQINTS,<21

IFORM: CONTAINS THE ARBREVIATION FOR THE FUNCTIONAL FCORM OF
THE VARICGRAM

M: THZ TCTAL NUMBER CF PREDICTION POINTS (=M1x*M2)

COPSTA,GAMSTA: CONTAINS THE ELEMENTS OF THE 'Y' MATRIX IN

. THE GX=Y SYSTEM

GAMMA: CONTAINS THE ELEMENTS OF THE G MATRIX IN THEZ GX=Y
SYSTEM. AFTER THE SYSTEM IS SOLVED, GaMSTA CONTAINS
THE KRIGING WEIGHTS.

ZP: ARRAY CONTAINING THE ESTIMATES

VP: ARRAY CONTAINING THE ESTIMATE VARIZNCES

NOX,NOY: SAME AS M1, M2

ZZ: THE 2-DIMENSIONAL BREAKDOWN OF THE ZP ARRAY

XYZ,YYY: DUMMY ARRAY USED FOR WRITING OUTPUT TO FILE

1050
1060
1030

1040
1070

1160
1090

1091

DIMENSION X(lSO),Y(lSO),XP(éSO),YP(éSO),FORMl(lS),FC~M2(lS)
DIMENSION FORMS5(15),COPSTA(150,450)

DIMENSION X1(20),Y1(20),2Z(20,20)

DIMENSICN GAMMA(lSO,lSO),GAMSTA(150,4SOJ,z<lso),z9(450),VP(450)
DIMENSION ICHNG(300),DET(150),SYMSTO(11000)

DQUEBLE PRECISICN IFLN

QPEN{WNIT=23,DIALCG)

WRITE(S,*)'THIS PRCGRAM WRITES TO UNIT 10. YOU MUST DEFINE '
WRITE(S,*)'UNIT 10 WHILE IN THEE EXEC MCODE'

TYPE 1050

FORMAT(1X, 'WHAT IS THE INPUT FILE NAME:'S)

ACCEPT 1060,I7LN

FORMAT(Al0)

TYPE 1030

FORMAT(1X, 'HOW MANY X-Y PAIRS DO YOU HAVE:'S$)

ACCEPT 1130,N

WRITE(S,1040)N

FORMAT(1X, 'N=',1I3)

TYPE 1070

FORMAT(1X, 'WHAT IS THE DATA FORMAT FOR THE X AND Y VALUES?')
ACCEPT 1170,FCRML

TYPE 1160 ’
FORMAT(1X, 'WHAT IS THE FORMAT FOR THE OBSERVED (Z) VALUES:'S)
ACCEPT 1170,FORMS

TYPE 1090

FORMAT(1X, 'HCW MANY XP VALUES DO YOU WANT?'S)

ACCEPT 1130,M1

TYPE 1091 :

FORMAT(1X, "WHAT IS THE.MINIMUM XP AND THE XP-SPACING?')
ACCEPT 1131, XPMIN,XPS?P




1190
1000

1010

1015
1020

1s8¢s9
2000

2001

1200
1210

5500
5505

5600

5700
800

5800

W

b
|

73

FORMAT( 2F)
TYPE 1100 ' o

FORMAT(1X, 'HCW MANY YP VALUES DO YOU WANT?'S)

ACCEPT 1130,M2

TYPE 1092 ,

FORMAT(1X, 'WHAT IS THZ MINIMUM YP AND THEE YP-SPACING?')
ACCEPT 1131,YPMIN,YPSP '

TYPE 1110 o
FORMAT(1X, 'HCW MANY CONTOUR LEVELS DO YOU WANT(<21)?')
ACCEPT 1130,NCC .
FCRMAT(I)

FORMAT(15AS)

TYPE 1180

FORMAT(1X, 'CHCOSE THE FUNCTIONAL FCBM FCR THE VARICG2M'//
1X, 'Lv=LINEAR VARIOGRAM'/1X,'SV=SPHERICAL VARICGRAM'/1lX,
'EV=EXPONENTIAL VARICGRAM'/1lX, 'GV=GAUSSIAN VARICGRAM'/
1X, 'EVM=EXPONENTIAL VARICGRAM WITH MEASUREMENT ERROR'//
1X, 'FUNCTIONAL FORM:'S$) _
ACCEPT 1190, IFORM

IF(IFCRM .EQ. 'EV')WRITE(3,5500)

IF(IFORM .EQ. 'EVM')WRITE(3,5505)

IF(IFORM .EQ. 'GV')WRITE(3,3600)

IT(IFORM .EQ. 'LV')WRITE(3,5700)

IF(IFORM .EQ. 'SV')WRITE({3,5800)

IF(IFORM .EQ. 'EV')WRITZ(5,5300)

IF(IFORM .EQ. 'EVM')WRITE(S,5505)

IF(IFORM .EQ. 'GV')WRITE(S,5600)

IF(IFORM .EQ. 'LV')WRITE(S,5700)

IF(IFORM .EQ. 'SV')WRITE(S5,5800)

FORMAT(A3)

TYPE 1000

FCRMAT(1X, '"WHAT IS THE VALUE OF A:'S)

ACCEPT 1020,a

TYPE 1010

FORMAT(1X, 'WHAT IS THE VALUE O
ACCEPT 1020,B

TYPE 1015

FORMAT(1X, 'WHAT IS THE VALUE OF C:'S)

ACCEPT 1020,C

FORMAT(F)

TYPE 2000

FORMAT(1X, 'DO YOU WANT THE G AND Y MATRICIZS PRINTED?')

ACCEPT 1210, IMAT

TYPE 2001

FORMAT(1X, 'DO YOU WANT THE WEIGHTS PRINTED?')

ACCEPT 1210, IWT

TYPE 1200

FORMAT(1X, 'DO YCU WANT TO CHANGE ANY OF THE 2BOVE INFORMATION?')
ACCEPT 1210,IREP '

FORMAT(AL)

IF(IREP .EQ. 'Y')GO TO 1

FORMAT(/1X, 'EXFONENTIAL VARIOGRAM USED:B*(1-EXP(-R/A))")
FORMAT(/1X, 'EXPCNENTIAL VARIOGRAM W/ ERROR USED:B=(l-EXP(-R/A))+C
]

) .
FORMAT(/1X, 'GAUSSIAN VARICGRAM USED:B*(1-EXP(R*R/(A~A))')
FORMAT(/1X, 'LINEAR VARICGRAM USED:B*(ABS(R)**A)')

FORMAT(/1X, 'SPHERICAL VARICGRAM USED:B*(l.5%R/A~.5*(R/A)==3")
WRITE(3,5900)A,B,C -
WRITE(S,5900)a,38,C
FORMAT(/2X,'A=',6F10.5,2X,'B=',F10.5,2X,'C=',F10.5)

O]
t
"
~



"

7000

7010

C ————— e

1

C——————-MAKE ESTIMATES AND GIVE ESTIMATE VARIANCES
CALL PREDIC(N,M,GaMSTA,COPSTA,VP,ZP, Z)
C——==———CUTPUT THE RESULT

9999

INPUT

OPEN(UNIT=22,ACCESS='SEQIN',FILE=IFLN)

READ(22,FORM1) (X(I),I=1,N)
READ(22,FORM1) (Y(I),I=1,N)
READ(22,FORMS) (Z(I),I=1,N)
CLOSE(UNIT=22,FILE=IFLN)
M=M17xM2

WRITE(3,1280)
WRITE(S,1280)

FORMAT(/1X,70('-"')/1X, 'OBSERVED (X,Y,Z) VALUES'/,/,

12X, 'X-1CC.',4X, 'Y-1CC. ' ,4X, 'Z2-VALUE")

DO 120 I=1,N
WRITE(3,1290)X(I),¥(I),Z(I)
WRITE(S,1290)X(I),Y(I),2(I)

CONTINUE

FORMAT(10X,3(F10.4))

SET UP THE X1 Y1 ARRAYS

DO 7000 IK1=1,M1
X1(IK1)=XPMIN+(IK1-1)*XPSP

CONTINUE

DO 7010 IK2=1,M2
Y1(IX2)=YPMIN+(IXK2~1)*YPSP

CONTINUE

CONSTRUCT AND SCLVE THE CX=Y SYST=ZM
CALL CCMPUT(A,B,C,N

SYMSTO,IFORM, IMAT, IWT)

i
(ML,M2,M,X,Y,X1,Y1,XP,YP,CCPSTA,GAMSTA, GaMMA,

CALL GRAPH(MI ,M2,X1,Y1,2P,ZZ,NOC,SCALE,NAMES, 1, IMAP)
CALL GRAPH(M1, M2,X1,Y1,VP,ZZ,NOC,SCALE,NAMES, 2, IMAP)

STCP
END




5

C-—=————CONSTRUCT THE

10

15

20

————CONSTRUCT THE X?-YP VECTORS

SUBROUTINE CCHMPUT(A,B,C,N,!
1 G“MMA SYMSTO, IFORM, IMAT, IWT)

M1,M2,M,X,Y,X1,Y1,%

XP,YP,CCPSTA,GAMSTA,

IMENSION X1(20),Y1¢20),XP(450),YP(450),COPST A(lSO 50)
DTMEVSIOW GAMMA(150,150),SYMSTO(150), ICHNG(300),DET(150),X(150)

DIMENSION GAMST2(150,450),
ALINVA(A,B,R)=3=238S(R)**2}

¥(130)

SPEVAR(A,B,R)=3=( (3*ABS(R))/(2*A)~ A-S(R)xrB/(AvAx *2))

EVAR(A,B, R) =3* (1-EXP(—-ABS(R)/A))
EMVAR(A, B,
GASVAR(A,B, R)=B*(l—EXP(—

C,R)=3%(1-EXP(—-ABS(R)/A))+C
(AZS(R)*ABS(R))/(a=a)))

L=0
DO 3 «=1,M
DO 5 J=1,M2
II=I
JI=J
L=l+1
XP(L)=X1(ZI)
YP(L)=Y1(JJ)
CONTINUE

'G' AND 'Y' MATRICES
DO 10 J=1,M
DO 10 I=1,N+1
CODS-A(L/J)=O.O
GAMSTA(I,J)=0.0
"CONTINUE
DO 15 I=1,N+1
DO 15 J=1,N+1
GAMMA(I,J)=0.0

IF(IFORM .EQ.

CONTINUE
DO 20 J— M
2 I=1,N+1
II=1I
JI=J
. R=({ (X(II)=XP(JT))*(X(II)=XP(JIT))+(Y(II)-YP(JT))*
1 (Y(II)-¥P(JJ)))*=*.5
IF(IFTORM .EQ. 'LV')GAMSTA(I,J)=ALINVA(A,B, R)
IT(IFCRM .EQ. 'SV')GAMSTA(I,J)=SPEVAR(A,B,R)
IF((IFORM .EQ. 'SV').AND.((A-R) .LT. 0.0))
1 GAMSTA(I,J)=B
IF(ITORM .EQ. 'EV')GAMSTA(I,J)=EVAR(A,B,R)
IF(IZORM .EQ. 'EVM')GAMSTA(I,J)=EMVAR(A,B,C,R)
IT(IZCRM .EQ. 'GV’)GAMSTA(I,J)=GASVAR(A,B,R)
IZ(I .EQ. N+1)GAMSTA(I,J)=1.0
IF(IFORM .EQ. 'LV')COPSTA(I,J)=ALINVA(A,B,R)
IF(IFORM .EQ. 'SV')COPSTA(I,J)=SPEVAR(A,B,R)
IF((IFCRM .EQ. 'SV').AND.((A-R) .LT. 0.0))
1 COPSTA(I,T)=B
IF(IFCRY .EQ. 'EV')COPSTA(I,J)=EVAR(A,B,R)
IF(IFORM .EQ. '“vv JCOPSTA(I,J)y=EMVAR(A,B,C,R)
IT(IFORM .EQ. 'GV')COPSTA(I,J)=GASVAR(A,B,R)
IF(I .EQ. N+1)COPSTA(I,J)=1.0
CONTINUE
DO 25 J=1,N+1
DO 25 I=1,N+1
II=I
JI=J
R={(X(II)-X(JJ))~(X(II)- Y(Ju))+(Y(II) Y(JT))=(¥(II)-
1 Y(JT)))**.5

'LV')GAMMA(I,J)=ALINVA(A,B/R)



=

_IF(IFORM .EQ. 'SV')GAMMA(I,J)=SPEVAR(A,3,R)
IF((IFORM .EQ. 'SV').AND.((A-R) .LT. 0.0))
1 GAMMA(T,J)=B C
IF(IFORM .EQ. 'EV')GAMMA(T,J)=EVAR(A,B,R)
IF(IFORM .EQ. 'EVM')GAMMA(I,J)=EMVAR(A,B,C,R) F
IF((I .EQ. N+1).CR.(J .EQ. N+1))GAMMA(I,J)=1.0
_ IF(I .EQ. J)GAMMA(I,J)=0.0 .
25 CONTINUE :
C————— CCNSTRUCT THE SWMETRIC STORAGE VECTOR
CALL VCVTFS(GAMMA,N+1,150, SYMSTO)
35 CONTINUE -
C—————— QUTBUT
IF(IMAT .NE. 'Y') GO TO 55
WRITE(3,1220)
WRITE(S5,1220)

1220 FORMAT (23X, 'SOLVING GX=Y SYST=M',/,1X,70('-'),//,1X,
1 'G MATRIX',/)
DO 40 I=1,N+1

WRITE(3,1270)(GAMMA(I,J),J=1,N+1)
WRITE(S,1270)(GAMMA(T,J),J=1,N+1)
40 CONTINUE
WRITE(3,1230)

WRITE(S5,1230)
1230 FORMAT(/1X,70('~")//1X, 'Y MATRIX'/)
DO 50 I=1,N+1
WRITE(3,1270) (GAMSTA(I,J),J=1,M)
WRITE(S,1270)(GAMSTA(I,J),J=1,M)
50 CONTINUE :
Cmmmmmmm SOLVE THE SYSTTM AND OUTPUT THE RESULTS
55 CALL LEQLS(SYMSTO,N+1,GaMSTA,M,150,0,ICENG,DET, IER)
IF(INT .NE. 'Y') GO TO 65
WRITE(3,1250)
WRITE(5,1250)
1250 FORMAT(/70('="')/1X, 'X MATRIX (XRIGING WEIGHTS)'/)
DO 60 I=1,N+1
WRITE(3,1270)(GAMSTA(I,J),J=1,M)
WRITE(S,1270)(GAMSTA(I,J),J=1,M)

60 - CONTINUE
1270 FORMAT(1X,200(F10.4))
€5 RETURN

END




A-77

SUBRCUTINE PREDIC(N,M,GAMSTA,COPSTA,VP,ZP,Z) :
DIMENSION GAMSTA(150,450),COPSTA(150,450),VP(450),22(450),2(150)
DO 110 J=1,M . o
SUM1=0.0
SUM2=0.0
DO 100 I=1,N o
SUM1=SU41+GAMSTA(L,J)*Z(I)
SUM2=3UM2+GAMSTA( T, J) *COPSTA(I,J)
100 CONTINUE
Z2(J)=SUM1
VP (J)=SUM2+GAMSTA(N+1,J)
IF(VP(J).LT.0.)VP(J)=0.0
VP(J)=SQRT(VE(J))
110 CONTINUE
RETURN
END



5000
10350

C___.__.._.

3100

20

301
1c00

4000

3000

10
4010

4011

SUBROUTINE GRAPH(D O‘,UOL,A,-,ZP,ZZ NOC, SCALE,NAMES, K, IMAT)
DIMENSION X(12),Y(12),ZZ(20,20),NZ(20,20),2P(450),XY¥Z(0:19) »
IF(X.EQ.2) GO TO 5000 ¥

WRITZ(3,1010)
WRITE(S,1010)

FORMAT(/‘X 'V-PQHDTCTION TO”‘WTONS‘/)
WRITE(3,1030)(X(I),I=1,N0X) _
WRITE(S, lOBO)(Y(I),;—l,NOX)
WRITE(3,1020)

WRITE(S,1020Y

FORMAT(/5X, ' Y-PREDICTION LOCATIONS'/)
WRITE(3, lOaO)(Y(;),- 1,NOY)
WRITE(S5,1030)(Y(I),I=1,NOY)
WRITE(3,1040)

WRITE(S,1040)

FCRMAT(1HL1, /3X, 'CONTCURED PREDICTED VALUES. THESE AND THE KRIGING
ARIANCES ARE CUTPUT IN 2 2-D ARRAY WITH THE USUAL XIND CF
[}

CO—-CRDINATE SYSTEM~-MINIMUM X-Y VALUES AT THE LOWER LEFT.'/)
IF(IX.LT.2)G0 TO 3100

WRITE(3,1050)
WRITE(S,1050) .

FORMAT(1H1, /53X, 'CONTOURED XRIGING STANDARD DEVIATIONS'/)
CONSTRUCT THEZ ZZ ARRAY

ZCUT=2ZP(1)

ZMIN=ZP(1)

DO 20 I=2,NCX*NCY
IF(Z2(I1).GT.2CUT)ZCUT=2ZP(I)
IF(Z2(I).LT.ZMIN)ZMIN=ZP(I)

CONTINUE

DELZ=(ZCUT-ZMIN)/(FLOAT(NCC)-1.0)

WRITE(s,zsoO)D_Lz

WRITE(S,2300)DELZ

FORMAT(_“ //,2X,'DELTA INTEI2VAL FCR CONTCUR ',F10.5,

//.2X,'CODE . VALUE')

DO 301 I=1,NCC
CSTEP=ZMTV—('—T)*DE’

WRITEZ(3,1000)I~-1,CSTEP
WRITE(S,1000)I-1,CSTEP

USED VARIABLE 'XYZ' TO SAVE CSTZP INTO AN ARRAY
XYZ(I-1)=CSTEP

CONTINUE

FORMAT(5X,I2,2X,E10.4)

XSP=X(2)-X(1)

YSP=Y(2)-Y(1)

WRITE(3,4000)X(1),¥(1),XSP,YSP

WRITE(S,éOOO)X(l),Y(l),XSP,YSP

FORNAT(/ SX, 'LCWER LETT CO-CRDINATE=',2

SX,'XSPACE=',F10.4,2X, 'YSPACE=',F10.4,/

L=0

DO 10 I=1,NOX

DO 10 J=1,NOY

L=L+1
NZ(I,J)=(2P(L)+DELZ/2.-2MIN)/DELZ

CONTINUE

WRITE(3,4010)

FORMAT(1H1,2X,80('="))

WRITE(S,4011)

FORMAT(1H1,1X,60('-"))

DO 30 J=NOY,1,-1

WRITE(3,1031) (N2(I,J), I=1,NOX)

»15.4,/,
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30

1030
1031
1032
1033

e WRITE(S5,1032) (N2(I,J) ,I=1,NOX)
CONTIMNUE - _
WRITE(23,*)' X Y '
DO 1. J=NOY,1,-1
DO 2 I=1,NOX
WRITE(23,1033)X(I),Y(J),XYZ(NZ(I,J))
CONTINUE
CONTINUE
FORMAT(1X,//,200(F10.4))
FORMAT(2X,'!',/,2X,'1",25(I3))
FORMAT(2X,'!',2X,20(I3))
FORMAT(F17.5,F17.5,F17.5)
RETURD
END



APPENDIX N

Computer code for vrocram: VALID

THIS PRCGRAM SOLVES FOR "KRIGING WEIGHTS" +LAMBDA(I,T),
IN THE SYSTEM GX=Y WHERE G,X AND Y ARE MATRICES.

. GAMMA(I,J) ART THE ELEMENTS OF MATRIX 'G'
GAMSTA(I,J)- ARE THE ELEMENTS OF MATRTIYX 'Y' o
WE THEN MAXE PREDICTIONS AND GIVE PREDICTION VARIANCES

VARIABLES: : :

A,B: PARAMETZIRS TO THZ VARIOGREM FUNCTIONS

N: THE NUMBER OF X-Y"PAIRS (<125) '

IFLN: CONTAINS THEE INPUT DATA FILE NAME

FORM1-FORMS: DATA FORMATS FOR THE X,Y AND Z VALUES

Ml: TEE NUMBZR OF XP POINTS, <21

M2: THE NUMBER OF YP POINTS, <21

IFORM: CONTAINS THE ARBREVIATION FOR THE FUNCTIONAL FORM OF
THE VARICGRAM

M: THE TOTAL NUMBER OF PREDICTION POINTS (=M1~M2})

COPSTA,GAMSTA: CONTAINS THE ELEMENTS OF THE 'Y! MATRIX IN

THE GX=Y SYSTEM

GAMMA: CONTAINS.THE ELEMENTS OF THE G MATRIX IN TEE GX=Y
SYSTEM. AFTER THE SYSTEM IS SOLVED, GAMSTA CONTAI
THE KRIGING WEIGHTS.

VP: ARRAY CONTAINING THE ESTIMATE VARIANCES
NOX,NQY: SaM= asS M1,M2
2Z: THE 2-DIMENSIONAL BREAXKDCWN OF THE ZP ARRAY

O(’)O(’)OOOOOOOO()OOOOOOOODOOOOO

DIMENSION X(150),Y(150),FORMI(15),FORM2(15),XP(150),YP(150)
DIMENSION FORMS(15),COPSTA(150,150),GAMSTI(150,150),2N(150) -
DIMENSION GAMMA(150,150),GAMSTA(150,150),2(150),2P(150),VP(150)
DIMENSION ICHNG(300),DET(150),SYMSTO(11000),GaMM1(150,150)
DIMENSION ZZB(1l),DIFF(150),VVP(1)
DOUBLE PRECISION IFLN
1 TYPE 1050 ,
1050 FORMAT(1X, 'WHAT IS THE INPUT FILE NAME:'S)
' ACCEPT 1060,IFLN
1060 FORMAT(A10)
TYPE 1030 :
1030 FORMAT(1X, 'HCW MANY X~Y PAIRS DO YOU HAVE:'S)
ACCEPT 1130,N :
WRITE(S5,1040)N
1040 FORMAT(1X, 'N=',I3)
TYPE 1070
1070 FORMAT(1X, 'WHAT IS THE DATA FORMAT FOR THE X AND Y VALUES?')
ACCEPT 1170,FCRM1L :
TYPE 1160
1160 FORMAT(1X, 'WHAT IS TH
ACCEPT 1170,FCRMS
1130 FORMAT(T)
1170 FORMAT(15A5)
TYPE 1180 :
1180 FORMAT(1X, 'CHCOSE THE FUNCTIONAL FORM FCR THE VARICGAM'//
1X, '"LV=LINEAR VARICGRAM'/1X, 'SV=~SPHERICAL VARIOGRAM'/1X,
'EV=EXPONENTIAL VARICGRAM'/1X,'GV=GAUSSIAN VARICGRAM'//
1X, 'FUNCTIONAL FORM:'S) .
ACCEPT 1190, ITCRM
IF(IFCRM .EQ. 'EV')WRITE(3,5500)
IF(IFORM .EQ. 'GV')WRITE(3,5500)
IF(IFORM .EQ. 'LV')WRITE(3,5700)
IF(IFORM .EQ. 'SV')WRITE(3,5800)

CRMAT FOR THE OBSERVED (Z) VALUES:'S)

1
s}
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IF(IFORM .EQ. 'EV')WRITE(S,S500)
IF(IFORM .EQ. 'GV' )vaL E(5,3500)
IF(IFORM .EQ. 'LV')WRITE(5,5700)
IF(IFORM .EZQ. 'SV')WRITE(S,5800)
1190 FORMAT(A2)
TYPE 1000
1000 FORMAT(1X, 'WHAT IS THE VALUT OF A:'S)
ACCEPT 1020,2
TYPE 1010
1010 FORMAT(1X, 'WHAT IS THE VALUZ OF B:'S)
ACCEPT 1020,3 : o
1020 FORMAT(F)
TYPE 1200
1200  FORMAT(1X, 'DO YOU WANT TO CHANGE ANY OF THE ABOVE. INFORMATION?')
ACCEPT 1210, I3=P
1210 FORMAT(AL)
IF(IREP .EQ. 'Y')GO TO 1 _ :
5500 FORMAT(/1X, ' EXPONENTIAL VARICGRAM USED:3*(l-EXP(-R/3))')
5600 FORMAT(/1X, 'G2ZUSSIAN VARICGRAM USED:B#(1-ZXP(R*R/(A*A)) ')
5700 FORMAT(/1X, 'LINZAR VARIOGRAM USED: B*(IES(Q)**A)’)
5800 FORMAT(/1X, ' SPHERICAL VARICGRAM USED:B*(1.5~R/A-.5~(R/A)x*3"')
WRITE(3,5500)2,3
WRITE(5,5900)3,B .
5200 FORMAT(/2X,’A= ,F10.5,2%,'8=",F10.5)
C———mmm= INPU
OPEN(UNIT=22 ,ACCESS="'SEQIN' , FILE=IFLN)
READ(22, FORML) (X( I ),;=1,N)
READ(22,FORML) (Y(I),I=1,N)
READ(ZZ,FORMS‘(7(T),I=1,N)

1290 FORNAT(IOX 3(710.4))
DO 7000 IXK1=1,N
XD (IX1)=X(IX1)
 YP(IK1)=Y(IX1)
7000 . CONTINUE
CALL CCMPUT(A,3,N,N,X,Y,XP,Y?,GAMSTA,GAMMA,, IFORM)

N1=N-1
LIs=2
LJsS=2
IAl=2
JAL=2
IA2=N+1
JA2=N+1
DO 8000 IDzL=1,N
LI=0
DO 810 LIP=LIS,2
DO 8110 II=IAl,Ia2
LI=LI+1
LJ=0
DO 8120 LJP=LJS,2
DO 8130 JJI=JAl,JA2
LI=LJ+1
-m“l(TI LI)y=GAMMA(II,JJ)
C ITE(S lO‘OO)(GnL 11(LI, “I) LI,LJ,II,J3)
101CO° FORMAT(2X, ' AJN1= , 510, 5 2X,'LI,LJ3,II,J7: ',41I5)
8130 CONW\IUp
JAl=IDEL+1
JA2=N+1
8120 CONTINUE

GAMSTI(LI,1)=GAMSTA(II,IDEL)



9666
8000

9600

9610
8605

9615

9620.

9635
9999%

COPSTA(LI, ly=GAMSTL(LI, 1)
e ZN(LI)=Z(II)
WRITE(5,5000) (ZN(LI),GAMSTI(LI,1),LI,II) '
FORMAT(2X, 'ZN(LI)= ',FlO.S,ZX,'GAASTl=',FlO.6,2X,'L
2X,'1I="',2%,I3).- .
IF(IDEL.EQ.1)GO TO 8110
Jal=1 )
JA2=IDEL-1
CONTINUE
IAl=IDEL+1
TA2=N+1
CONTINUE
LIs=1
WRITE(S,IOOOO)(ZN(I),I=1,N)
rORMAT(2X,8F8.4)
ILJS=1
Ial=1
IA2=IDEL
JAl=1
JA2=IDEL
CALL VCVTES(GaMM1,N,150,SYMSTO)
CAIL LEQIS(SYMSTO,N,GAMST1,1,150,0, ICHNG,DET, I=ZR
CalL PREDIC(NI,l,GAMSTl,COPSIA,VV?,ZZP,ZN)
VP (IDEL)=VVP(1l) .
ZP(IDEL)=ZZ2(1) .
WRITZ(5,9688)VP(IDEL), ZP({IDEL)
FORMAT(1H1,F10.5,2X,7F10.5)
CONTINUE
WRITE(5,9600)
WRITE(3,9600)

I

='/131

FORMAT(1H1, 2X, 'X-CO-CRD',4X, 'Y~CC-ORD', 4X, 'OBRSERVED ',4X,

'PREDICTED', 4X, 'KRIGING-SIGMA')
DO 9610 I=1,N
WRITE(S5,9603)X(I),Y(I),2(I),2ZP(I),VP(I)
. WRITE(3,$605)X(I),Y(I),Z(I),ZP({I),VP(I)
CONTINUE
FORMAT(3X,F8.3,4X,F8.3,2X,F10.4,3%,F10.4,4X,F10.5)
SUM=0
VAR=0
DO 9615 I=1,N
DIFF(I)=2P(I)~Z(I)
SUM=SUM+DIFF(I)

CONTINUE
SUM=SUM/N
VAR=VAR/N
WRITE(S5,9630)
WRITE(3,9630)

FORMAT(2X,//,2X,' OBSERVED PREDICTED NCRMALIZED-DIFF.')

WRITE(5,9635)((2(I),2P(I),DIFF(I)),I=1,N)
WRITE(3,9635)((2(I),2P(I),DIFF(I)), I=1,N)
WRITE(S,9620)SUM, VAR
WRITZ(3,9620)SUM, VAR

FORMAT(2X,//,5X, '"MEAN OF DIFFERENCE=',F10.5,/,5X,
'AVERAGE SQUARED NORMALIZED DIFFERENCES=',F10.5)
FORMAT(2X,F8.4,2X,F8.4,4X,F10.5)

STCP

END

T e




SUBROUTINE COMPUT(A,3B,N,M,X,Y,XP,YP,GAMSTA, GAMMA, IFORM)
DIMENSION XP(150),YP(150) - o
DIMENSION GAMMA(150,150),ICHNG(300),DET(150),X(150)

. DIMENSION GAMSTA(150,150),Y(150) '

" ALINVA(A,B,R)=B=xABS(R)**3
SPEVAR(A,B,R)=B*((3*A3S(R))/(2%A)=ABS(R) **3/(A*A*Ax2))
EVAR(A,B,R)=3=(1-EXP(-ABS(R)/A)). , A
GASVAR(A,B,R)=3*(1-EXP(~(ABS(R)*ABS(R))/(A*2)))

C-——-——-CONSTRUCT THE 'G' AND 'Y' MATRICES
DO 10 J=1,M -
DO 10 I=1,N+1
GAMSTA(I,J)=0.0
10 CONTINUE
DO 15 I=1,N+1
DO 15 J=1,N+1 :
GAMMA(I,J)=0.0
15 CONTINUE
DO 20 J=1,M
DO 20 I=1,N+l
I=T
IT=J

R=((X(II)-XP(JJ))*(X(II)“XP(JJ))+(Y(II)-YP(JJ))*

1 (Y(II)=Y3(JJT)))**.5
IF(IZCRM .EQ. 'LV')GAMSTA(I,J)=ALINVA(A,B,R)
IT(IFCRM .E=Q. 'SV')GAMSTA(I,J)=S?EVAR(A,B,R)
IZ((ITORM .EQ. 'SV').AND. ((A-R) .LT. c.0))

1 ) GAMSTA(I,J)=3 :
IT(IFT0RM .EQ. 'EV')GAMSTA(I,J)=EVAR(A,B,R)
IF(IFCRM .EQ. 'GV')GAMSTA(I,J)=GASVAR(A,B,R)
I=(I .EQ. N+1)GAMST2(I,J)=1.0

20 CONTINUE
DO 25 J=1,N+1
DO 25 I=1,N+1

II=I
JI=J ,
R=((X(II)=X(JT) )= (X(II)=X(JTT))+(Y(II)~Y(TT))*(Y(II)=

1 Y(JJT)))**.5 : :

IF(IFORM .EQ. 'LV')GAMMA(I,J)=ALINVA(A,S,R)

IF(IFORM .EQ. 'SV')GAMMA(I,J)=SPEVAR(A,3,R)

IF((IFORM .EQ. 'SV').AND.((A-R) .LT. 0.0))
1 GAMMA(I,JT)=B

IF(IFORY .EQ. 'EV')GAMMA(I,J)=EVAR(A,B,R)
IF(IFORM .EQ. 'GV')GAMMA(I,J)=GASVAR(A,B,R)
IF((I .EQ. N+1).OR.(J .EQ. N+1))GAMMA(I,J)=1.0
IF(I .EQ. J)GAMMA(I,J)=0.0
Z5 CONTINUE
65 RETURN
END
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100

110

SUBROUTINE PREDIC(N,M,GA .STA,COPSTA,V? Z.,Z)
DIMENSION GAxST:(ls ,150),C0PST
DO 110 J=1,M A

SUM1=0.0

SUM2=0.0

DO 100 I= 1 N

, SUM1=SUM1+GAMSTA(I, J)*Z(I)
© SUM2=SUM2+GAMST2 (I J)*COPSTA(I,J)-
CONTINUE

2D (J)=SUM1
VP (J)=SUM2+GAMSTA(N+1,J)
IF(VP(J).LT.0.jVP(J)=0.0
VP (J)=SQRT(VE(J))
CONTINUE
RETURN

END

A(150,150),VB(1),2P(1),Z(150)
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